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SUMMARY
The aim of the research  presented in this thesis was to 
im prove the com puter m odelling for the p red ic tion  of the 
transient perform ance of the Gas Turbine. The developm ent of 
com putational m odels to sim ulate a Gas T urbine had been 
recognised as valuable tools towards the achievem ent of better 
engine designs.
The cu rren t in v es tig a tio n  concen tra ted  in dev e lo p in g  a 
computer model that would best represent the Fan, and the flow 
distribution around it, for a typical Turbofan Gas Turbine. The 
different Fan treatm ents and flow d istributions adopted  were 
m odelled and seven com puter m odels deriving from  them  are 
presented, Fig.(2A). The earliest model used fixed characteristics 
for the Inner section of the Fan(which compresses the core air), 
and for the Outer section of the Fan(which com presses the by­
pass air). Subsequent m odels allowed an in terchange of flow 
between the two sections of the Fan.
Due to the tim e-consum ing nature of the w ork involved in 
developing these m odels, including the "Real engine effects"-see 
below-, it was decided to compare the predictions of "adiabatic" 
versions of the m odels, one with another, and then select the 
m ost reasonab le  looking  two or th ree  m odels. F rom  the 
com parison , w hich  is d escrib ed  and p resen ted  w ith  the 
appropriate  graphs, two program s w ere selected  w hich  both 
allow for an interchange of flow between the two sections(Inner 
and Outer) of the Fan.
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\The first of the two selected programs-AFSREE- incorporates a 
moving boundary betw een the two flow s(Inner and O uter), at 
the entry to the Fan, and the in teraction  betw een them  is 
achieved by varying the base line(non-d im ensional a ir mass 
flow rate) of the separate characteristics of the Inner and Outer 
section of the Fan. The second program -STFREE- uses sets of 
separate characteristics for each section(Inner and O uter) of the 
Fan, and each set of a section corresponds to a pressure ratio of 
the other section of the Fan. Hence the operating point of one of 
the sections(Inner or Outer) is dictated by the operating point, at 
that instant, of the other section of the Fan(O uter or Inner), 
allowing thus an interaction between the two flows by varying 
the pressure ratio on their characteristics
In order to produce a realistic, accurate and reliable m odel, it 
is neccessary to include certain effects, named in this w ork as 
"Real engine effects" (e.g. Heat transfer effects, ram ped fuel flow 
etc.), that are present in the real engine and if excluded from  the
com puter model would lead to unrealistic results. Since the final
effort of the present work, was to compare the com puter m odels 
developed with the actual test resu lts of a typ ical T urbofan
engine, these effects had to be incorporated. The im portance of 
the inclusion of these effects was highlighted by com paring the 
predictions of one of the two final programs (AFSRRE), w ith and 
w ithout these effects.
Finally the predictions of the two complete com puter m odels 
were com pared against the test resu lts of a typ ical T urbofan
engine. From the com parison carried out, it was found that the 
A FSREE program  not only  p red ic ted  m ore accu ra te ly  the
5
behaviour of the Real engine but also used, in general, half the 
com puting running tim e that the STFREE program  needed to 
sim ulate the same conditions.
N evertheless the p red ic tio n s of both p rog ram s show ed 
discrepancies from the Real engine test results for reasons that 
are explained and discussed in the final chapter.
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NOMENCLATURE
A Flow Area
B By-pass Ratio
CMF ' Continuity of Mass Flow
C.V. Calorific Value
Cp Specific Heat Capacity at constant pressure
e Cooling Effectiveness
F T h ru s t
FCSP Factor of Split
f  Fuel Rate
f  Ratio of the Feat Transfer to the Fluid to
the W ork Transfer from the Fluid 
f Friction Factor
H.P. H igh Pressure
h Heat Transfer Coefficient
ICV In ter-com ponen t V olum e
IGV Inlet Guide Vanes
I.P. In te rm ed ia te  P ressu re
i Angle of Incidence of flow
KE. Kinetic Energy
k Therm al C onductivity
L.P. Low Pressure
1,L L en g th
M M ach Num ber
m Mass flow
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m Index of Expansion
N Shaft Speed
NDSLP Non-dimensional Speed of the Low
Pressure C om pressor 
NDSHP Non-dimensional Speed of the High
Pressure C om pressor 
n Index of Expansion
P P re s s u re
PR Pressure Ratio
P r  P randtl N um ber
Q Heat Flux to fluid in Compressor or Turbine
R Gas < Constant
R,r R adius
T T e m p e ra tu re
UM Unfinned M odel
u V elocity
V V elocity
v V o lum e
y Blade Height
Greek Letters
a  Air Angle
e Deflection of Fluid due to Blade
r| E fficiency
p V iscocity
p  D ensity
t Shear Stress
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S u b s c r i p t s
a A ir
a d  A d iab a tic
a v e  A v e rag e
b B lade
Con C ontact
c Cooling Air
eg Core Gas
e T h e rm a l
F F an
H High Pressure Shaft
HP High Pressure
h t H eat T ransfer
j J e t
L Low Pressure Shaft
lam  L a m in a r
m M ean
N N et
o O verall
p P ro p u ls iv e
T T u rb in e
TR T ran sm iss io n
tu rb  T u rb u le n t
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IN T R O D U C T IO N
The normal way to use the working fluid in order to extract 
m e c h a n ic a l p o w e r fro m  a therm al source is by the 
th e rm o d y n a m ic  c y c le  o f induc tion , com pression , heating , 
expansion  and exhaust. If  all these processes are perform ed in 
sequence in the same closed space, the result is a reciprocating 
engine. If  the w orking fluid flow s w ithout an in te rru p tio n , 
passing from  one single device to the next, then the result is a 
gas turbine.
The use of gas turbines for aircraft propulsion  dates from  
1930. Although Hero of Alexandria had the first idea to produce 
power from the flue gases of a furnace around 150 B.C., only at 
abou t 1791, John B arber p a ten ted  the fo re ru n n e r of gas 
turbines. From 1791 to 1930 many designs for gas turbines were 
developed  but all su ffe red  from  lack  of know ledge  of 
A erodynam ics .
It was the Second W orld W ar that forced man to develop the 
Jet engine, something that 2000 years of human evolution and 
developm ent had not managed. Since then the gas turb ine has 
become the most im portant method of aircraft propulsion.
In itia lly , rec ip roca ting  engines were the main m ethod used 
for a irc ra ft p ropu lsion , but the balancing  prob lem s of the 
rec ip roca ting  parts as w ell as the high re liab ility  needed , 
together with the possibility of high power to weight ratio  from 
the gas turbine, encouraged the research and developm ent o f
10
w hat are now highly sophisticated  gas turbine engines. Gas 
turbines were also used in industrial and m arine applications, 
but w ithout any doubt the greatest im pact has been in the 
aircraft propulsion field.
The need for more efficient and quiet engines changed the 
geometry and the configuration of the gas turbines, creating over 
a period of several decades, the advanced Turbofan engine from 
the Jet engine.
It is im portant to be able to predict the perform ance of an 
eng ine, particu la rly  when the engine is at the design  or 
developm ent stage. During the last decade significant research  
has been carried out towards im proving prediction m ethods. The 
s im u la tio n  p ro ced u res  shou ld  p ro v id e  bo th  s te a d y -s ta te  
perform ance of the engine and also its transient perform ance, 
knowledge of the latter being im portant in order to ensure that 
satisfactory engine response is to be achieved.
W ith  regard  to the p red ic tio n  of pe rfo rm an ce  d u ring  
tran sien ts , it has been found in recen t investiga tions tha t 
a llow ances for "therm al e ffects"  m ust be included  in the 
simulation model. As an illustration of "thermal effects", if  a gas 
turbine is rapidly accelerated or decelerated, there is a fin ite  
tim e that elapses follow ing com pletion of the speed transien t 
b e fo re  the  v a rio u s co m p o n en ts  reach  th e ir  e q u ilib r iu m  
tem peratures. D uring that fin ite  tim e and during the  speed 
transient itself, heat transfer takes place betw een the various 
components and the air flowing through the engine. As a result 
the perform ance of the engine d iffers significantly  from  that 
predicted from adiabatic assum ptions.
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It is the purpose of this research to predict the transient 
perform ance of a typical m odern Turbofan Engine of M edium 
Bypass Ratio. Emphasis has been given to the use of alternative 
m odels for representing the Fan plus Interm ediate Com pressor 
sections, orig inating from d ifferen t Fan treatm ents and flow 
d istribu tions after the Fan. The final developm ent in the 
research  has been the incorporation of all the H eat transfer 
effects to lead to the most realistic computer model sim ulating 
the Turbofan engine.
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CHA PTER T
GENERAL INTRODUCTION AND BACKGROUND
1.1 INTRODUCTION
T h is  chap ter opens w ith a general in troduction  in Gas 
turbines. It then continues with a discussion on the choice of 
m ethods availab le  on Gas tu rb in e  tran sien t m odelling . A 
summary on how the Transient perform ance prediction has been 
developed  is included. The H eat tran sfe r e ffects are also 
described together with the research that has been done in the 
effort to incorporate these effects in computer m odels sim ulating 
the transient as well as the steady running perform ance of Gas 
turbines. F inally, since this research is on a m odern Turbofan 
Engine, a more detailed description of this type of gas turbine is 
also included at the end of the chapter.
As it was mentioned earlier a gas turbine operates using the 
therm odynam ic  cycle  o f in d u c tio n , co m p ressio n , h e a tin g , 
expansion and exhaust.
T here are two types of gas turbines cycles: A ircra ft gas 
turbine cycles and Shaft power cycles. The second type includes 
all gas turbines not included on the first type, and could all be 
included under the name of Industrial Gas Turbines.
There are essentially three m ain differences betw een the two 
types: Firstly the expected life of an Industrial engine w ithout a 
m ajor overhaul is greater than for an Aircraft engine. Secondly, 
there are lim itations on the size and w eight of an A ircraft
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engine. Finally, the Aircraft gas turbine makes use of the kinetic 
energy of the gases leaving the turbine whereas it is wasted in 
all other types of gas turbines and has to be kept as low as
possib le .
The Gas turbine cycles could also be distinguished into Open 
and Closed cycles.
In the Open cycle gas turbine, fresh atmospheric air is drawn 
in to  the engine continuously  and energy is added by the
combustion of fuel in the working fluid (air) itself. The products 
of com bustion  are expanded  th rough  the tu rb in e (s)  and 
exhausted to the atm osphere. In the Closed cycle gas turbines,
the sam e w orking flu id ' is repeated ly  circu lated  through the 
machine. Clearly the fuel used in this type of engines can be such 
that it could not be burnt with the working fluid, in order to
avoid the erosion of the turbine blades or o ther detrim ental 
effects of the products of the combustion.
A Turbofan engine is the engine in which the air entering is 
com pressed by a single stage fan and then part of the air by­
passes the rest of the engine including the L.P. compressor, and a 
part flows through the engine.
If  the by-pass air em erges separa te ly  from  the hot gas 
exhaust of the main engine, then that engine is a Turbofan or 
bypass T urbojet with Separate exhaust. If  the by-pass air is 
mixed with the hot gases of the m ain engine, before they are 
exhausted in the atmosphere, then the engine is a Mixed exhaust 
gas turbine.
The present work was carried out on a Turbofan Engine with 
M ixed exhaust.
14
Now let us consider the m echanics of aircraft propulsion. A 
diagram m atic representation of a turbojet engine on an aircraft 
having single exhaust stream is shown in F igure(l).
In order to provide thrust for the aircraft, the engine has to 
accelerate part of the passing airflow, in otherwords to produce a 
change in m omentum.
R elative to an observer on the aircraft, the air enters the 
intake to the engine at the design condition with a velocity V a 
equal and opposite to the forward speed of the aircraft, and it is 
accelerated by the engine so that it leaves with the je t relative 
velocity Vj.
Assuming that the mass flow m is constant, i.e. the fuel flow is 
negligible and also assuming full expansion, then the net thrust 
Fn is the rate of change of momentum which is:
Fn = (Momentum flux of flow at plane J behind the engine) - 
(Momentum flux of flow at plane A infront of engine).
F n  = mVj -m V a
F n  = mx(Vj - V a) [ 1 ]
where:
mVj is called the Gross Momentum Thrust and 
m V a is called the Intake Momentum Drag.
The increase in momentum is im parted using a Heat engine.
All current gas turbines operate on an approxim ation to the 
B rayton cycle, Figure(2). The w orking gas is com pressed from  
point 1 to point 2 . Then heat is added, ideally  under constant 
pressure from point 2 to point 3. Then the gas is expanded from 
point 3 to point 4, ideally the initial pressure.
The com pression is done by the com pressor configura tion . 
Heat is added by burning fuel in the Com bustion Cham ber and
15
the gas is expanded in the Turbine configuration and the Nozzle.
The small departures from to the Brayton cycle is due to the
inefficiencies of the various com ponents of the engine. In the
same F igure(2) the Real cycle is shown. The pressure  and
tem perature at the inlet of the com pressor is not equal to the 
atm ospheric due to the ram com pression at the intake of the
eng ine , w hen the a irc raft is m oving. Then the  flu id  is
com pressed from 1A to 21 or if the aircraft is stationery, from 1f to 
2'. This is a point (1 ') of low er pressure due to losses at the 
intake. Then heat is added on the working fluid from  2' to  3 ', 
with a loss in pressure due to friction and losses associated with 
the com bustion process. As a result the turbine inlet pressure is 
slightly low er from  the ideal (point 3 ) com presso r d e liv e ry
pressure. Then the gases are expanded to point 4 '. The expansion 
from 3* to C is the work needed to drive the com pressor. This 
part o f the expansion occurs in the turbine(s). The expansion 
then continues from  C to  4' in  the nozzle, which produces the
usefu l w ork  ou tpu t. In the idea l cycle  the tu rb in e  and 
com pressor w ork are the same. In the real cycle the turbine 
work is larger to account for losses, mechanical inefficiencies and 
power for auxiliaries.
The useful work is in the form  of an increase in k inetic
energy of the working gas or air.
Increase in K.E. per unit time = l/2 m V j 2-l/2m V a2 [2].
From  equation [1] follows that the required thrust can be 
obtained by designing the engine to produce a high velocity je t 
of high mass flow.
Thrust power is the product of the net thrust and the aircraft
16
speed .
Thrust Power = m Va ( Vj - Va)
Now the Propulsive efficiency can be defined as:
Thrust PowerPropulsive Efficiency =
Rate of change of K.E. to propulsive system
Tip = F Va  / 1/2 m(Vj2 '  [3]
Therm al efficiency is the effic iency  of energy conversion  
within the power plant itself, or:
. Rate of useful work output
Thermal Efficiency=7r—— ---------------------- — ------------------
Rate of consumption of thermal energy
Tje = [ 1/2 m  (Vj2 - Va2)] / f(C.V.) [4]
where f  is the fuel rate and, and C.V. is the calorific value of 
the fuel.
The overall efficiency is the ratio of the useful work done in 
overcoming drag, to the rate of consum ption of therm al energy:
n 0= m V a (V j-V a)/f(C .V .) [51
From equations [3 ] ,[4 1  & [51 it is seen that :
“n o -V ^ e  [6]
The purpose of this analysis has been to make clear that in 
order to achieve a high overall effic iency it is necessary  to 
maximize both q e a n d rjp.The Therm al Efficiency is m axim ized by 
increasing the pressure ratio w hile the Propulsive E fficiency is 
m axim ized by decreasing the je t speed. It is then clear that to 
keep the thrust at the same level higher mass flow rate has to be 
achieved which im poses that the high speed thrust has to be 
replaced by the high mass flow rate one. This leads to designs of 
engines of higher by-pass ratio.
E q u a tio n  [ 6 ] applies to all gas tu rb ines fo r aerop lane
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p ro p u ls io n .
For the turbofan  engines w ith  separate  exhaust, B ennet
Ref.(3), suggests that a third factor should be included. This is
the transm ission efficiency which expresses how efficiently  the
power of gas turbine is transferred to the cold propulsive je t in a
by-pass engine.
actual K.E. suplied to bypass air 
ideal K.E. that could be suplied
or rjjR = BnTnF)/(l+B)
where B is the by-pass ratio and is defined as:
_ by-pass mass flow rate
D  =  - ...................  ■
core gas flow rate
where r |T & r |p  are the Turbine and Fan efficiencies.
In order to produce satisfactory and very effic ien t by-pass 
engine designs, the above m entioned efficiencies are the m ost 
sign ifican t o f the many factors that have to be taken into 
consideration and balanced against one another.
It is not the purpose of this work to go into further details of
the various aspects in the design  o f gas tu rb ines. Such
inform ation  is given in detail in the R eferences(5& 14). It is 
though worth m entioning that some of the m ost recent designs 
of high by-pass ratio Turbofan engines(JT9,CF6, but not the RB- 
211) incorpora te  on the same shaft both the Fan and the
In term ed ia te  p ressu re (I.P .) com presso r, or o therw ise  ca lled  
B ooster.
The object of the present study is to investigate  the best
m ethod  o f rep re se n tin g  the Fan  p lu s  I .P . c o m p re sso r
arrangem ent for predicting the transient as well as the steady
18
running perform ance of a Turbofan engine.
1.2 MODELLING OF GAS TURBINES
Research on the transient prediction of Gas turbines has been 
pursued  since  com paratively  early  in the h is to ry  of the 
developm ent of the Aircraft engines.
A t the early  stages of the gas tu rb ine  sim ula tion , the 
pred iction  of the transient behaviour was based on test bed 
ana ly sis .
Trying to develop theoretical m odels to predict the transient 
perform ance of gas turbines, it was soon realised that the best 
way of doing so was by means of the component characteristics.
The unique com ponent characteristics of each engine are 
available at the very early stage of the design, m aking possible 
the construction of a simulator to predict the transient behaviour 
of the engine over the entire range expected. Hence this accurate 
reliable and realistic  model will be able to show the engine’s 
en tire  response even as early as at the custom er's proposal 
stage.
The early  com puter m odels have assum ed ad iabatic  flow  
which resulted  in unrealistic sim ulators. D uring these years of 
research on transient m odelling the gas turbine, two types of 
prediction procedures have evolved
(i)The In ter-C om ponent Volum es ( I CY)  method; which for the 
calculation of the engine's pressure changes assumes m ism atches 
of flow occuring at various stations in the engine.
(ii)The Continuity of M ass Flow (C M F) method; which assumes
19
mass continuity at all times throughout the engine and when the 
engine operates transiently .
1.2.1 The ICY Method
In the ICV m ethod, volum es are in troduced betw een the 
various com ponents and all flow im balances are assum ed to 
occur in these volumes. The size of an intercom ponent volume is 
the volum e of the space between any two com ponents plus the 
half of the volume of each adjacent component.
In th is m ethod additional in itia l guesses of the pressures 
w ithin the in tercom ponent volumes m ust be m ade, and should 
be as accurate as possible. Also the m ass flow  through each 
individual component is assumed to be constant.
There are different mass flow rates through the engine and 
the m ism atches of these flows are used to evaluate the rate of 
p ressu re  in c re ase  or decrease  w ith in  the  in te rco m p o n en t 
volumes, see Figure(4B).
Once all the components have been analysed in this manner, 
the pow er d e liv e red  or absorbed  by the com ponen ts is 
evaluated, which then gives the work im balance on the shaft(s). 
Hence the new shaft(s) speeds are calculated in order to be used 
for the next process of evaluation through the components of the 
engine, at the next time step.
This method is a "once through" calculation for each time step.
The above m entioned procedure is repeated  th roughou t a 
transient until neither mismatches of flow  nor w ork im balance 
along the shaft(s) occurs and thus the transient is com pleted.
At the early stages of the research in com puter sim ulation of 
Gas T urb ines, H .I.H . Saravanam uttoo , was w orking  on an
20
analogue com puter study of the transien t perform ance of the 
Orenda 600 HP. Regenerative Gas Turbine, Ref.(36). Seven years 
later Faw ke and Saravanamuttoo published their work, Ref.(37), 
of the developm ent of a sim ulation m ethod for the Dynamic 
performance of a gas turbine .
Their method, which was based on the ICV m ethod, required
the characteristics of the engine component and it was necessary 
to choose a set o f engine param eters w hich perm itted  the 
operation of each engine component to be determ ined. The fuel 
flow, nozzle area and flight conditions should have also been 
specified. In this method, it was necessary to calculate the initial
engine steady state operating point before being able to calculate
a transient.
Faw ke and Saravanam utoo used their sim ulation m ethod to 
im prove the dynam ic response of a twin spool turbojet engine, 
and a year later, 1971, R ef.(38), they verified  their m ethod 
experim entally . The sim ulator resu lts show ed good agreem ent 
with the engine test bed results proving the engine sim ulation 
an invaluable tool in the development of the gas turbine.
In 1985, T. Shoebeiri and H Haselbacher, Ref.(40), developed a 
m odu lar co m p u ter p rogram  w hich  c a lcu la te s  the transien t 
behaviour of individual com ponents as w ell as o f en tire  gas 
turbine system s. Their analysis was based on an air storage gas 
turbine system  consisting of a com bustion turbine, a generator 
m otor, a com pressor train  and an underground  air storage 
facility. The transient processes which occur within a com ponent 
of the system  were in general described by the conservation of 
aero -therm odynam ics equations: C on tinu ity  equation, E quation
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of motion and M echanical and Thermal energy equations. Due to 
com puter capability  lim itations they had to consider a one­
dim ensional approxim ation. The system  sim ulated by Shobeiri 
and H aselbacher although it consists of sim ilar com ponents as 
those used on A ircraft gas turbines, the layout, in teraction and 
way of utilisation of each component is different to those of the 
aero-engines. N evertheless, the sim ulation m odel developed was 
com pared to the H untorf com pressed air storage p lan t and 
results showed a very good agreement.
1.2.2 The CMF Method
In the CMF m ethod the flight conditions and the rotational 
speed of the compressor are assumed or known.
From these, the inlet conditions to the com pressor or fan, are
calculated . G uessing a mass flow  rate  in to  the engine and
in te rpo la ting  using the know n in le t co n d itio n s, the  ou tle t 
therm odynam ic variables from  the com pressor or fan can be 
ca lcu la te d . T he o u tle t th erm odynam ic  v a ria b le s  o f th is  
component are the inlet conditions for the next one.
For the com bustion  cham ber the ou tle t tem p era tu re  is 
obtained by an energy balance equation using the know n fuel
flow rate . The ou tle t pressure is calcu lated  by apply ing  a
pressure loss factor to the inlet pressure.
Now the turbine entry conditions are known and using the 
turbine characteristics and shaft speeds, which are also know n, 
the outlet conditions are evaluated.
This process is carried out for all the com ponents that an 
engine can incorporate and the mass flows are noted.
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The mass flows in general will not satisfy the continuity and 
hence the in itia l guessed value has to be rev ised  until 
convergence is achieved.
D uring a transient, a work im balance w ill exist. The net 
torque acting on the shaft(s) is calcu lated  using the work 
im balance and by know ing the in e rtia  o f the shaft, the 
acceleration or deceleration rate can be calculated. Knowing the 
increm ental tim e step and the acceleration or deceration time 
rate, the new rotational speed can be evaluated. This process is 
continued until no net torque is acting on the shaft.
One of the early models that used the CMF method was the 
m odel developed by, K uhlberg, Sheppard, K ing and Baker, 
R ef.(18), w hich was capable of prov id ing  accurate  dynam ic 
represen ta tion  of a gas turbine eng ine’s com pressor system . 
Their first approach, called the Continuity m odel, u tilised  the 
same dynam ic coupling  techniques used in dynam ic engine 
sim ulation. Engine sim ulations generally use a com pressor model 
based on an overall com pressor map to provide perform ance 
c h a ra c te ris tic s  co m p a tib le  w ith  th o se  o b ta in ed  from  the 
sim ulation  of the o ther com ponents. D ynam ic coup ling  of 
com ponents was accom plished by using a "lum ped" con tro l 
volume, across which continuity of mass is assumed. Hence this 
technique consisted  of sim ply m ain tain ing  a irflow  con tinu ity  
betw een each of the "lumped" elem ents. A lthough their first 
approach  appeared  m athem atica lly  sound , they used stage 
pressure rise  to enter the stage charac teristics in o rder to 
determine air flow value. The principal difficulty  arose because 
the stage pressure rise characteristics are double valued and it 
became im possible to evaluate an output value of the inlet flow
23
function. Trying to overcome these problem s they included the 
equation of conservation of momentum resulting to their second 
m odel o f M om entum -C ontinuity , w hich perm itted  the stage 
characteristic curve to be entered with the in let flow and thus 
evaluating a single value of stage pressure rise. This model was 
proved to be an analytical tool for p red ic ting  the dynam ic 
response of a com pressor. It m ust be noted that their analysis 
was lim ited to one-dim ensional external disturbances.
Since the CM F method is not a "once through" calculation 
m ethod, it requires a num ber of iterations until convergence is 
achieved. Fawke, Ref.(9), had problems of achieving convergence 
in his m odel, due to inefficient convergence routine . D urant, 
Ref.(8), had also problem s of convergence when tried to analyse 
a tw o-spool by-pass engine, but even tually  overcam e those 
p ro b lem s.
1.2.3 Comparison of Methods
Stoddart, R ef.(41), carried out a com parison betw een the two 
methods for a two-spool turbofan engine. During his research he 
found out that for all com ponents, the steady running points 
predicted by both methods (ICV and CMF) coincided.
As far as the engine thrust and speed response are concerned, 
the predictions o f the two methods are different. The transient 
trajectories, re la tive  to tim e, pred icted  by the two m ethods 
showed the ICV trajectories to lead the CMF one's during all 
accelerations. A t ten seconds into the transient the discrepancy 
was of the order of 7.4% for the Thrust, 2.9% for the L.P. shaft 
speed and 1.5% for the H.P. shaft speed. Also the ICV trajectories
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were found to lag behind the CMF one’s for all decelerations 
predicted, showing a difference of 13% for the Thrust, 4% for the
L.P. shaft speed and 1.6% for the H.P. shaft, all recorded at the
2 nd second into the transient
More analytically, when the trajectories are p lotted to a base 
of n o n -d im en sio n a l m ass flow  ra te  on the  com presso r 
characteristics, the two m ethods produced identical trajectories 
for both Inner and O uter fan. For the IP com pressor the 
sim ulators predicted  very sim ilar trajectories w ith exception of
the very first part of the deceleration. This was due to the fact 
that at the start of a deceleration the CM F m ethod predicts an 
instantaneous change in the pressure ratio  w hile rem aining in 
the same non-dim ensional line. The ICV one predicted a more 
stable start.
For the HP com pressor both m ethods w ere in a general 
agreement. The only difference appearing to be that during both 
tra jec to ries (acce lera tion  and dece leration ) the ICV  m ethod
predictions are c loser to the steady running line than those 
predicted from the CMF method by a maximum 3.8% during the 
D ece le ra tio n  and by 3.1%  during  the  A cce le ra tio n . The 
d isc rep an cies  o f the tw o m ethods w ere ev a lu a ted  as a 
percentage d ifference in pressure ratio  at the non-dim ensional 
speed of 50. Also for both the IP and HP com pressor predictions 
the CMF showed discontinuities purely due to the nature of the 
logic employed.
As a conclusion  it could  be noted  tha t the tran s ien t 
predictions of the two m ethods are in general agreem ent. The 
m ain d efic iency  of the ICV m ethod is th a t it req u ire s
25
approxim ately  m ore than ten tim es com puting tim e than the 
CMF method.
In the above m entioned com parison of the two m ethods, 
thermal effects were not included.
Since one of the major tasks of the present research was to 
incorpora te  the therm al effects it becam e obvious that the 
com puting tim e using the ICV method would becom e excessive 
or even im practicable.
Another reason in support of choosing the CMF method in this 
re sea rch  w as the fact that this m ethod provides a realistic  
rep resen ta tion  o f the events occuring in the engine during a 
tra n s ie n t.
A lthough the com puter used during the firs t three years of 
the research was replaced by a new model giving a much faster 
computer running time, still the ICV method could not be used to 
in c o r p o r a te  h e a t  tran sfe r e ffec ts  un less  a m ethod  of 
substantially reducing the computing time was developed.
1.2.4 N on-A diabatic M odelling
The o b jec tiv e  of a gas turbine sim ulation technique is, as 
m en tio n ed  e a r l ie r ,  to predict as accurately  as possib le  the 
transient perform ance of an engine. The sim ulator m ust also be 
able to operate over the entire range of the en g in e’s transien t 
running range.
During the last years many program s have been developed to 
p red ic t the tran s ien t perform ance of gas tu rb ines. Thom son, 
R ef.(43), quoted the earliest and m ore sim ple p rogram s that 
used equilibrium  characteristics for the com ponents and ignored 
h ea t tra n s fe r  e ffe c ts . The resu lts  o f his w ork  show ed
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discrepancies in acceleration times betw een the predicted and 
the actual observed results in the order of 20 to 30 per cent for 
the speed and thrust responses.
One of the most im portant factors that has to be incorporated 
in all the com puter models, in order to produce realistic results, 
are the H eat T ransfer effects that occur during  transien ts. 
Neglecting these effects would result in descrepancies between 
the results of the programs and the actual test bed results of the 
eng ine.
In 1969, M accallum, Ref.(21), started to work on the changes 
that could be present within a gas turbine during a "therm al 
soak" transien t and would cause the engine 's perform ance to 
d iffer from  the equilibrium  perform ance. It was found that 
dep artu res  from  the eq u ilib riu m  p e rfo rm an ce  have  been 
accounted to the following transient factors:
a. Heat absorption in the metal of the turbine.
b. Heat absorption in the metal of the compressor.
c. Heat absorption in the jet pipe metal.
d. The turbine nozzle guide vane throat area was lower 
than the equilibrium .
e Changes in com pressor characteristics.
f. Increase in the high pressure cooling air flow due to
seal clearance changes.
The effects of the above mentioned factors are now discussed 
in more detail together with the research undertaken over the 
years to incorporate them into com puter m odels.
(T) Blade M odelling:-
One of the significant heat transfers that occur in a gas
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turbine is with the blading. It is thus necessary to be able to 
re p re se n t the  tu rb o m a ch in e  b lad es  d u rin g  te m p e ra tu re  
transients before m odelling of the heat transfer effects can be 
ach ieved . M acca llu m , R ef.(23), com pared several geom etric 
models for the blade and platform  arrangem ent, on accuracy, 
com puting tim e, sim plicity  of geom etry and suitability  for use 
alongside m odels fo r other com ponents of an engine. It was 
found out that, com pared with the more com plex m ulti-elem ent 
m odel, an ad justed  F inned m odel was p re fe rab le  fo r the 
p red ic tio n  of the overall therm al response of the blade. The 
la tter gave an adequate represen tation  of a b lade and also 
proved conven ien t in term s of com puting tim es and hand 
ca lcu la tions
fiD Non-adiabatic Flow in Turbines and Com pressors:-
During the period that the turbine m etal is heating, the gas 
expansion will be non-adiabatic. A simple m ethod o f analysing 
the effect on perform ance is given below.
In an ad iabatic  expansion , the po ly trop ic  e ffic ien cy , r jpt 
relates elem ental changes in tem perature and pressure:
Cp dT=ript v d P  (1)
This leads to the relation between the index of expansion, n, 
and the isentropic index, v :
/? -1  „ y -1 -rj ------
n p( v  (2 )
Consider an elem ental change in a non-adiabatic expansion in 
w h ic h , / ,  is the ratio of the heat transfer to the fluid to the work 
transferred from the fluid. Then equation (1) becomes:
Cp d T = ( 1 - f ) n pt V dP (3)
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Provided the factor, f, is constant along the turb ine, and 
provided  that the flu id  p roperties are uniform  over p lanes 
through the turbine, then equation (3) can be integrated to give 
the new index of expansion, m:
m  _1  = ( i - r ) T i'nt v
(4 )m Pt v
The above assumptions are made in this analysis, but it is also 
assum ed that the po ly trop ic  effic iency  in the non-ad iabatic  
expansion equals the po ly trop ic  effic iency  in the ad iabatic  
expansion .
The non-adiabatic flow in the com pressor can be analysed in 
a m anner sim ilar to that .given in the turbine. In this case the 
index of compression in the transient conditions, m , is related to 
the isentropic index by:
m - 1 = 1 - f Y - l
m ri A v
P‘ (5 )
For the single spool engine, the m agnitudes o f the heat 
transfer observed 5 seconds after the conclusion o f a rapid
acceleration was of the order of 0.03 of the work transfer for the
turbine and 0.01 for the compressor. The test has been carried 
out at sea level.
The heat ab so rp tio n s  in these  tw o co m p o n en ts  w ere 
responsib le  fo r m uch o f the observed thrust d e fic it at that 
instant (1.7 per cent).
Predictions were also made later, Ref.(22), for accelerations 
and dece lerations o f a tw o-spool engine at a ltitu d e . The 
m agnitudes o f the tran sien t heat tran sfe r in  the various 
components during the speed transient itself, were found to be
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quite considerable rising to 0.3-0.5 of the work transfers in 
turbines, and 0.15-0.2 of the work transfers in com pressors.
(iii) Heat absorbed in the Jet Pipe metal:-
The only case found w hich th is was in v es tig a ted  was 
M accallum 's study, Ref(21), who found to be small and causing 
the equivalent of a 0.16 per cent loss of thrust at the end of the 
acceleration of the single spool engine.
fivl Throat area of Turbine Nozzle Guide V anes:- 
Heat transfer also affects critical flow areas such as the nozzle 
guide vane area in the LP and HP turbines. M accallum , Ref.(22), 
observed that the steady running line in the HP com pressor was 
found to be affected by changes in the effective capacity(typical 
maximum 0.2 per cent) of the HP nozzle guide vanes. He then 
considered the com bined effects on the surge line and on the 
steady running line. The most serious results appeared to arise 
in the LP com pressor during an altitude deceleration, and in the 
HP compressor when acceleration followed a rapid deceleration.
(v) Changes in Compressor Characteristics:- 
The first two factors described earlier are the direct effect of 
heat being exchanged betw een the engine m etals and the 
w orking fluid w hich also resu lts  in changes in com pressor 
ch arac te ris tic s .
An early  theore tical investigation  on the e ffects o f heat 
transfer on com pressor characteristics and on the working line of 
the engine was carried  out by M accallum , R ef.(2 2 ). This 
investigation was carried out on a twin spool by-pass engine. 
Considering, for example, an acceleration, the fluid leaves a blade 
pair with a reduced tem perature. This reduced tem perature is 
the inlet for the next blade pair and the reduction was due to
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heat being transferee! from the fluid to the m aterial. Hence the 
fluid will be entering the next stage with properties that differ 
from the adiabatic ones. This exchange of heat between the fluid 
and the engine com ponents, alters the fluid 's tem perature which 
will therefore change the fluid 's density. These changes affect 
the fluid's axial velocity and also its deflection experienced by 
the blades. C onsequently the characteristics of the com ponent 
w ill be altered. M accallum  and Grant, R ef.(29), had found an 
approxim ation for the change in deflection due to heat transfer 
effects in boundary layer changes to be given by:- 
Acc/€des = (T/1000)x(0.5+0.84x(i-ides))/€des
The heat transfer effects on the LP com pressor characteristics 
were found to be very small while in the HP com pressor they 
are considerable. One effect found was the m ovem ent of the 
effective non-dim ensional speed of the HP com pressor-typically  
this could be about 1 per cent. The second effect in the HP 
com pressor is on the surge line and depends on where the stall 
causing surge occurs.
Further, the change in deflection due to heat transfer effects 
in blade boundary layers, Grant R ef.(10), could be responsib le 
for the onset of surge in Gas turbines, causing thus changes in 
the surge m argins of the com ponents. It is thus very im portant 
to be able to avoid surge in the com pressor(s) during transients 
of aircraft gas turbines. Hence the position of the surge line is 
very im portant in order to decide what transient schedule could 
be allowed. As early as 1965, Robbins and Dugan, R ef.(35), found 
that one possible approach is to draw the surge line through the 
peak-pressure ratio  points of the perform ance map. Four years
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later, Gray, R e f .( l l ) ,  indicated that in the surging cycle, stall 
progresses through all stages and offered another approach. At 
high rotational speeds the rear stages of the com pressor tend to 
stall first. This can trigger stall to adjacent stages. The triggering 
advances rapidly through the machine until all stages are stalled 
and the com pressor surges. Thus one criterion used here is that 
if one of the rear stages of the com pressor stalls, then this 
represents the onset of surge. At low rotational speeds stall first 
occurs in the early rows of the compressor. Rotating stall cells 
are established but they exist w ithout causing surge. In the case 
where the exit flow is sufficiently throttled, the stall cells spread 
and surge occurs. On Gray’s hypothesis, the stall cell zones must 
have extended along the length of the com pressor. Gray also 
proposed that there are two flow regim es in the annulus. There 
are stall zones which have zero net throughflow in one section, 
and in the rem ainder there is norm al unstalled  flow . G ray's 
m odel was inco rpora ted  in M accallum  and G ran t’s m odel, 
R ef(29), by applying the assum ption that the flow  retu rns 
imm ediately to the normal pattern at the first row  at which the 
average value of incidence is insufficient to cause stall. Hence 
surge occurs when at least three of the early stages have stall 
zones or when the overall pressure rise-m ass flow characteristic 
has a positive slope, w hichever occurs first. A tw o-dim ensional 
procedure was adopted by M accallum  and Grant, R ef.(29). The 
aim  of the ir study  w as to p red ic t the ch an g e  in the 
characteristics of the real three dim ensional com pressor, due to 
heat tran sfe r. A reaso n ab le  e stim ate  was g iven  by the  
d ifferences betw een the two sets of ch arac te ris tic s  o f the
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com pressor, as predicted by the two dim ensional m ethod with 
and w ithout heat transfer. P ilid is, R ef.(31), using a choise of 
methods existing at that time, Ref.(6,7& 13), and using also the 
theory of the onset of surge in gas turbines, see A ppend ix (l), 
obtained a sim plified correlation to represent the m ovem ent of 
the surge line. This being given by:
(PRh t-l)/(PR ad-l) = KF) and *F) = 1+0.541F 
F being the ratio of the heat transfer to wotk transfer.
Turning now to the effect of heat transfer on the blade 
boundary  layer, a m ore localised  heat transfer e ffec t in a 
com pressor results from changes on the boundary layers which 
develop on blade surfaces. In general term s, it has been
observed, Refs.(10,28&27), that a heat transfer from  a surface to 
a boundary layer increases the rate at which the layer develops 
due to local density  reduction . The presence of an adverse 
pressure gradient m akes the effect m ore severe. H eat transfer
also influences the transition from lam inar to turbulent flow  in 
the boundary layer, m oving the transition region upstream  and 
reducing its length, Grant, Ref(10). In the case of an axial flow 
com pressor it is probable that the annulus boundary layers w ill 
slightly thicken, causing in this way extra losses due to blockage. 
Similar thickening occurs in the layers on the blading, but this is 
a m ore com plicated effect due to pressure g rad ien ts and is
im portan t to look at the p ressu re  surfaces o f the  b lades 
separately. The pressure surface of the blade is concave and 
since the boundary layer here is thin, there is a tendency for the 
hot air near the surface to m ove tow ards the edge o f the
boundary layer. This produces a circu latory  e ffec t w hich is 
o therw ise known as T ay lo r-G ortler vortices and are p resen t
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even during adiabatic conditions, hence heating will strengthen 
them. Hence this effect prevents the build up of a region of low 
density  air and so the developm ent of these pressure surface 
boundary layers is not sign ifican tly  influenced by the heat 
tran sfe r. On the suc tion  su rface , w hich is convex , the 
recirculation of hot air is prevented due to the presence of a 
strong adverse pressure gradient. The wake developed behind 
each blade thickens appreciably resulting in an increase in losses 
due to profile drag. There is also a further com plication in the 
angular stream deflection produced by the blades w hich appear 
to be reduced. A com puter prediction method was em ployed by 
Grant, R ef(10), to exam ine the developm ent of blade boundary 
layers. In this m ethod, lam inar boundary layer grow th was 
predicted by the theory of Luxton and Young, Ref.(20). Norm ally 
there is a straight forward transition of the attached boundary 
layer but in th is m ethod an a lterna tive  p o ss ib ility  o f the 
developm ent of a separation bubble with subsequent tu rbu len t 
reattachm ent was considered. Calculation of turbulent boundary 
layer development was based on the theory of Head, Ref.(15), as 
m odified  for com pressib le  flow  from  G reen, R e f.(12). The 
m odification to the momentum integral equation suggested from  
Patel, R ef.(30), was used in order to allow fo r long itud inal 
surface curvature. The prediction m ethod has been applied  to 
aerofoils and conditions typical of axial flow com pressor practice, 
Ref.(29). It was found that the region of most rapid  boundary 
layer growth was on the suction surface near the trailing edge of 
each blade, the layer being fully turbulent. In the lam inar and 
transition regions the layers were thin and the predicted  effect
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of heat transfer was sm all. A tten tion  was cen tred  on the 
turbulent boundary layer and in all cases the effect o f heat 
transfer was to increase the d isp lacem ent th ickness of the 
turbulent boundary layer. The heat transfer in m ost cases is 
predicted to cause a small upstream  movement of the separation
point. The boundary layer on the pressure surface of the blades
was found to be largely insensitive to the heat transfer from  the 
blade, and also its thickness and angle of departure from  the 
trailing edge will not change w ith tem perature. H ow ever, the 
more rapid growth of the suction surface boundary layer on a
"hot” blade will result in a change on its angle of departure. It
was also predicted that at* the later stages of the com pressor, the
effect of the increased air density was to increase the inertia  of
the flow , reducing  boundary  layer th ickness and de lay ing  
separation, but once separation had occured the rate  o f growth 
of the d isp lacem ent th ickness was increased . F o r a g iven 
incidence angle, the profile drag is increased if the deflection is 
reduced, because losses are closely related to the w idth of the
wake which is closely related to the deviation.
Considering the above m entioned effects on the com pressor 
characteristics, it was predicted, Ref.(29), that the reduction  in 
surge margin in a hot acceleration were respectively 25 per cent 
due to bulk heat transfer effects, and 40 per cen t due to 
boundary layer effects.
(vi) Tip and Seal Clearances:-
The heat being exchanged between the working fluid and the 
m etals of the components of the gas turbine is also responsible 
for an indirect effect. D uring transient operation, gas turbines
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are subjected to thermal and m echanical loading, which result in 
changes in dim ension of both stationary  and ro ta ting  parts 
causing variation in Tip and Seal clearance which results to off 
design mass flows. Changes in mass flows and efficiency result 
from variation of Tip clearances, which was earlier m entioned in 
factor (e). The clearance of a Seal, factor(f), controls the amount 
of air leaking through it in order to be used to cool hot sections 
of the engine. If  this amount is too much then a perform ance 
d e te rio ra tio n  w ill be inev itab le . If  it is too sm all, then 
insufficient cooling will endanger the hot sections o f the engine 
and in particular the turbine discs. These changes that occur in 
the Tip and Seal c learances due to therm al expansion  or 
contraction, result in changes in the efficiencies and the mass 
flow in the gas turbine. It is thus very essential to be able to 
predict the response of the Tip and Seal clearances under any 
type of transient. Together with the Heat transfer effects there is 
the M echanical effect of the centrifugal growth which affects the 
above m entioned clearances during a transien t. In o rder to 
produce a very realistic and accurate way to incorporate these 
changes in to  the com puter m odel, it is necessary  to study 
separa te ly  the T herm al e ffects and the M echan ica l e ffec ts  
responsible for the changes in the Tip and Seal clearances, and 
then add the two effects together to find out the total change. An 
investigation  was carried out by M accallum , R ef.(24), in the 
effort to predict the movements of the critical com ponents of an 
air seal using sim ple  f in ite  d iffe ren ce  m odels w ith  the 
appropriate  boundary conditions. The gas turbine investiga ted  
was a typical two-spool bypass je t engine. The geom etry of the 
seal, which is formed between the tips of four fins attached to
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the tu rb ine  disc and a sta tionary  ring , was approx im ate ly  
represented by two models. One was for the turbine disc and one 
for the stationary ring. A ppropriate boundary conditions were 
applied  and the two m odels were used to p red ic t the seal 
clearances under two testing transients. The acceleration  and 
deceleration  betw een the ground idling and m axim um  speeds 
were studied. The predictions of the turbine disc m odel under 
steady state were found in reasonable agreem ent w ith therm al 
paint results. For the m ost severe transient, which was found to 
be an acceleration from ground idling speed to m axim um  speed, 
the predicted  seal opening during the speed transien t was at 
least double the equilibrium  value.
(vii) Modelling of the above Effects into Prediction Pro grams 
In 1979, M accallum , R ef.(25 ), p roduced  a m ethod  fo r 
predicting the transient response of a single spool gas turbine. 
The changes in the com pressor characteristics that occur during 
transients, excluding surge line changes, have been incorporated 
in that m ethod. One of the features of this m odelling was the 
choice of correlation for the average heat transfer coefficient on 
blades. The simple Colburn equation:-
hy/k = 0.023(my/Ajm)0-8 x (Pr)0-4 171
had been used by Saravanamutoo and Fawke, Ref.(39), for flows 
over com pressors and turb ine blades. H ow ever th is assum ed 
that flow was developed and that turbulence had no influence on 
the heat tran sfe r co effic ien t. The prob lem  rec o g n ise d  by 
M accallum  is that the flow over the aerofoil of a b lade in a 
com pressor or a turbine is far from  developed. Since a new 
boundary layer has to be started at the leading edge of each
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blade, it is more reasonable for the com pressor to use the flat 
plate correlations for developing lam inar and tu rbu len t layers. 
Thus for a lam inar layer of length 1, the average heat transfer 
coefficient is given by:-
h lam  = 0.664k(Pr)0-333 x (m/AjULl)0-5 
and for a turbulent boundary layer:-
h turb = 0.037(m/A)xCp(ml/AM)"°-2(P r)'0-667 191
It is also possible and reasonable to assum e that the boundary 
layer, in a com pressor, on the pressure surface is turbulent 
throughout its length , w hile that on the suction  surface is 
in itia lly  lam inar becom ing tu rbu len t dow nstream . F rom  this 
assum ption an average Heat transfer coeffic ien t can be given 
b y :-
^ave “ 0.25hjam  + 0*75hj-urj3 [10 ]
Comparing the results of the equations [ 71 and [ 1 01 it was found 
that the value of coefficient given by [71 is 30 per cent lower 
than that given by equation [ 1 0 1. Brown and B urton, R ef.(4), 
ind icated  a 60 per cent increase  in average heat tran sfe r 
coeffic ien t. for an increase in turbulent intensity from  1.8 to 8.6 
per cent, som ething which is ignored in the above m entioned 
expressions. B ayley and M illigan, R ef.(2), show ed increase  of 
sim ilar nature but depending on the frequency of turbu lence 
fluctuations. The range of increase in coefficients was from  20 to 
160 per cent for turbulence in tensities varying from  14 to 48 
per cent. In order to have more accurate result when calculating 
for heat transfer coefficients in a compressor, it is reasonable to 
use the last equation ([1 01) with the coefficient increased by 60 
per cent.
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The changes in com pressor characteristics resu lt from  changes 
due to heat transfer in the developm ent of the boundary layer 
and due to the alteration in density of the air, as m entioned 
e a rlie r .
The changes in the characteristics w ere approxim ated, by 
M accallum, by using the concept of changes in effective speed, 
and these  changes could  be co rre la ted  to h ea t tran sfe r 
param eters. The method was applied to a single shaft aero gas 
tu rb in e .
The above analysis was extended to a tw o-spool by-pass 
engine with m ixed exhaust and overall maximum pressure ratio 
of 21 by M accallum , Ref.(26). The pressure ratio  of the HP 
com pressor being  7.6 and the by-pass ra tio  at m axim um  
conditions was 0.58. The changes in effective  speed due to 
boundary layer effects for the LP compressor was given by:- 
(A N /N ^Q ^clgay layer = "0*10 x Q ^m ^'pr^ avel,2) 1111
The alteration in effective speed due to density changes as a 
result of heat transfer was given by:-
(A N /N )density change = "0-10 x Q ^ to ^p ^ av e l^^  11 21
The corresponding relations for the HP com pressor w ere found 
to be:-
(A N/N)bounc}aryiayer=
"0-15(Ta e ro fo ip T a v e j >2V Ta v e 2>3 [1 3 1
where 1,2 = inlet to, outlet from LP compressor
3 = outlet from HP compressor 
The effects of heat transfer on the perform ance of the various 
com ponents were further studied by P ilid is, R efs.(31,34), who 
included changes in clearances along w ith the heat transfer 
effects already described. In this work, a m odel was proposed
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for the calculation of the tip and seal clearances and a simplified 
version of that m odel, treating only with radial clearances, was 
used in the General Program . Dealing firstly  w ith the therm al 
effects m entioned earlier, P ilidis used the fin ite  elem ent for 
transient heat conduction and modified it to analyse the thermal 
response of the disc component of the rotor. In his work broke 
the complex shape of the disc into three components; a thick hub 
portion, a thin diaphragm  and an outer section. D ifferent rates of 
heat transfer resu lt to different paterns o f expansion and each 
part was represented by the appropriate correlations. The model 
p roduced  w as applicable to both com pressor and turbine tip 
movements, using Hall's correlations for all blades. An im portant 
feature of all turbine blades is that they are cooled and this was 
included  in the sim u la tion  program  d efin in g  the  coo ling  
effectiveness by the equation:-
e = (Teg -Tb)/(Tcg-Tc)
Defining the effectiveness of the cooling flow determ ines the 
final m etal tem perature which in turn produced the transfer of 
heat. The casing structure was considered as a cylinder in which 
a smaller cylindrical shape is rotating. The casing exchanges heat 
with the by-pass air as well as with the internal (core) air. The 
heat tran sfe r coefficien t used, was given by the corre lation  
obtained from the work done by Tachibane and Fukui, R ef.(42). 
Due to the chang ing  ro ta tio n a l speed during  a tran sien t, 
m echanical e ffec ts  such as changes o f the stresses in the 
com ponents, re su lt in centrifugal growth. Pilidis used the same 
subdivision of the rotor and the disc. D istortion in the tangential 
direction was found to be negligible. The therm al and m echanical
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effects were combined ensuring continuity of radial dim ensions 
at the interfaces, thus the overall changes in disc dim ension was 
calculated. The elongation of the blades, which were assumed to 
be rods of uniform cross sectional area, was calculated by means 
of integral calculus as a function of the geom etry, ro tational 
speed and material properties. The existence of a shroud on the 
blades was allowed in the calculation of the m echanical effects 
since its extra weight would have a considerable effect on the 
cenrifugal growth. All the calculated effects on the dim ension of 
the ro to r or com pressor, are added together to obtain  the 
resulting change in clearance. It was obvious that would be very 
excessive  to incude each in d iv id u a l b lade  row  o f each  
com pressor and turbine into the program , so a single equivalent 
stage was used which has been proved by M accallum , Ref.(25), 
that can give satisfactory results. This single equ ivalen t stage 
was developed on averaged properties of specific heat, therm al 
expansion coefficient, Young's m odulus and m aterial density , to 
represent tip clearances and associated efficiency changes. The 
effect of density changes of the fluid was also considered.
H eat transfer also occurs in the turbines w here heat is 
exchanged between the working fluid and the turbine m aterial. 
The heat transfer effects on turbine perform ance characteristics 
were not included as it was considered that the penalty  in 
accuracy would be very sm all. The effects of non-design  gas 
angle in the turbine blading resu lt in far sm aller effects than 
those affecting the compressors. The reasons being as fo llow s:-
Any non-design deflection due to m odified boundary layers, 
will have a relatively small effect on the large deflections (much
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larger than the com pressor) that take p lace in the turbine 
blading. Also, no danger of separation, which could result in stall, 
exists in the turbine, since the flow here experiences favourable 
pressure gradient and acceleration. F inally  the turbines consist 
of very few stages (e.g. 3) so the effect will not affect many 
subsequent stages, as happens in the com pressor (e.g. onset of 
surge). The effects of heat transfer in the combustion cham ber as 
well as in the propulsion nozzle were not included in P ilid is’s 
m odel.
1.3 TYPICAL MODERN TURBOFAN ENGINE
The design of the Turbofan engine was originally conceived to 
increase the propulsive efficiency by reducing  the m ean je t 
velocity and increasing the air mass flow. The reduction in je t 
velocity had a considerable effect on engine noise. The reduction 
of je t noise becam e so critical that new engines w ent under 
developm ent for low noise level requirem ents.
In this type of engine (Turbofan), the by-pass air, a part of 
the total flow, by-passes the com pressor, com bustion cham ber, 
turbine and nozzle before being ejected into the atm osphere, in a 
separate nozzle which is the case of the Separate exhaust engine. 
It is some times desirable to mix the two exhaust gases.
The Turbofan engines are described in term s of the by-pass 
ratio. The present investigation is d irected tow ards a typical 
modern Turbofan engine, of medium by-pass ratio , i.e. by-pass 
ratio of about 3. An engine of this classification, the Rolls-Royce 
Tay engine(RB 183-03), has been described by Ashm ole, R e f.(l)  
and as this engine can be regarded as typical, some features of
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the Tay engine are given in the cu rren t section . T hese 
descrip tions are based on inform ation contained in A shm ole’s
p a p e r .
Introducing the TAY engine (RB 183-03), it is essential to
m ention that it derives its pedigree from the SPEY fam ily of
engines. The main factor in the concept of this engine was the 
reduction in noise.
In o rder to m eet th is m ajor requ irem ent, e ffo rts  w ere
concen tra ted  on increasing  the by-pass ra tio  and the Low 
P ressu re  (L .P .) com pressor flow . This was fu n d am en ta lly  
achieved by replacing the L.P. com pressor of the Spey engine, 
w ith a w ide chord Fan* and an In term ediate  P ressure  (I.P .) 
c o m p resso r.
E fforts were also directed tow ards further im provem ent in 
fan efficiency which was achieved by using the new technology 
of the W ide chord Snubberless fan, which has been introduced 
into the RB 211-535 engine. It can be observed from a typical 
snubbered fan rotor efficiency profile, R ef.(l), that the presence 
of the snubber contributes significantly to inefficiency. The best 
approach to minimize this inefficiency was to delete the snubber 
from  the fan. This rem oved the fundam ental aerodynam ic loss, 
together with the interactive losses on the surrounding aerofoil, 
hence giving a substantial efficiency gain. The absence of the 
snubber gives rise to vibration problem s which in order to be 
solved, the new design must have a lower aspect ratio, i.e. wide 
chord. This resulted in a reduced number of blades, in fact down 
to 22 from  33 for the RB 211 fan designs. The new  design 
p roved  to offer m any im provem ents: S a tisfac to ry  v ib ra tio n
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characteristics w ere achieved, im proved foreign object damage 
and also a lig h te r fan assem bly. The la tte r im proved the
response of the fan in terms of the centrifugal growth due to the 
absence of the extra weight of the snubber.
A conical spinner is fitted infront of the fan, made from GRP
com posite construction to provide optim um  flow  lines. A soft 
rubber nose is incorporated  on the sp inner and the w hole 
assembly is formed at an angle of 56°, the optimum ice shedding 
angle.
The Tay blade is solid Titanium forging retained in the disc by 
a curved dovetail root. The blade geom etry is conducted by 
considering  robustness of  bird strike , w eigh t aerodynam ic
efficiency and stress and vibration criteria.
The major design objective was to stay with the SPEY Mk 555 
core, which had proved very reliab le, but also operating at 
exactly the same conditions as it does in the F28 today. These 
conditions at the entry of the H.P. com pressor are reproduced by 
m ounting a three stage Interm ediate Pressure com pressor. The 
increased torque required to drive the Fan and the three stage 
I.P. com pressor was achieved by in troducing  a three stage, 
instead of two, L.P. turbine.
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CHAPTER IT
DIFFERENT COMPUTER MODELS FOR THE SIMULATION OF A 
TYPICAL TURBOFAN ENGINE ORIGINATING FROM DIFFERENT 
FAN TREATMENTS AND AIR FLOW DISTRIBUTION.
2.1 INTRODUCTION
This chapter describes the com putational models developed to 
best represent the fan of a typical two-spool turbofan engine as 
well as the air flow distribution into and after the fan. A tabular 
sum m ary of the program s using these m ethods is g iven in 
F igure(2A ).
The type of turbofan engine considered in this investigation is 
the tw o-spool engine in which the com pression system  on the 
Low Pressure (L.P.) shaft com prises a Fan, which com presses 
both  the  bypass air and the co re  a ir, fo llow ed  by an 
In term ediate Pressure (I.P.) com pressor (or "B ooster”) fo r the 
core air. A typical engine of this type is the Tay engine which 
was described in section 1.3.
Pilidis and M accallum , Ref.(33), developed firstly  a G eneral 
program  for the prediction of the perform ance of Gas Turbines, 
and later a com puter model to sim ulate the Tay engine. Using 
this program  as the basis, the d ifferen t fan treatm ents w ere 
in v e s tig a te d .
A brief description of the General program , m entioned above, 
is included, so that the reader can follow  easily  the required  
changes for the application of the different fan treatm ents
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2.2 DESCRIPTION OF THE GENERAL PROGRAM  FOR THE
PREDICTION OF THE TRANSIENT PERFORM ANCE OF GAS 
TURBINES
When the representation of a gas turbine is desired, a model 
is devised w hich in th is case could e ither be physical or 
m athem atical. Because of the lengthy calculations required , the 
m ath em atica l m odel in v o lv es co m p u ter p ro g ram m in g , in 
particular for the more complex engines.
In the design stage of a proposed engine, the characteristics of 
the components have first to be predicted. These are then used 
by the G eneral program  for the calcu lation  of the com plete 
en g in e 's  p e rfo rm an ce . I f  the design  is c o n tin u ed  u n til 
com ponents are m anufactured one then updates the com ponent 
c h a ra c te r is t ic s  u s in g  e x p e rim e n ta l o b s e rv a tio n  o f  the  
perform ance o f each com ponent, in o rder to ob tain  m ore 
accurate and realistic results from the model of the engine.
The characteristics of these components at a particu lar instant 
during a transient differ from the characteristics observed in the 
steady state at the same non-dim ensional speed. This difference, 
as described in C hapter(I) is due to tip clearance changes, seal 
clearance changes and heat transfer effects, and these have been 
incorporated in the General program.
Pilidis and M accallum , Ref.(33), in developing their General 
program used the method of continuity of mass flow(CM F) which 
was explained briefly in Chapter I .
The object of the calculation procedure is to determ ine the 
acceleration of the engine under d ifferent circum stances. The 
acceleration is prim arily a function of param eters such as shaft
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speed, fuel flow, inlet tem perature and pressure and secondarily 
a fu n c tio n  of several o ther va riab les such as com ponent 
efficiencies, and pressure and tem perature ratios. If the external 
param eters are defined and the ro tational speed and fuel flow 
are know n, the com pressor’s non-dim ensional m ass flow  and 
isentropic efficiency are obtained. The delivery conditions of the 
com pressor can then be found which are going to be the inlet 
conditions for the next com ponent. This is repeated for each 
com ponent until it is necessary to calculate the nozzle area to 
d ischarge the flow. If this is d ifferen t from  the actual one 
available, then, if the turbine is choked, the com pressor pressure 
ratio is m odified until the required value of the turbine capacity 
is obtained. Once this has been achieved the variable  to be 
adjusted to satisfy mass continuity  at the final nozzle is the 
pressure ratio of the choked turbine nearest to this nozzle.
The next step was to evaluate the torque im balance betw een 
the shafts, which determines the instantaneous acceleration for a 
given tim e step. This acceleration over the tim e in terval gives 
the ro tational speed of the shaft at the next time step. Having 
evaluated the acceleration, the rotational speed for the next tim e 
in te rval is found using E u le r’s sim ple assum ption th a t the 
acceleration rem ains constant for a particular time interval.
Also for by-pass engines with m ixed exhaust the principle of 
m om entum  conservation m ust be satisfied  by the frac tion  of 
core gas and by-pass air to be mixed. In some designs it m ay be 
assumed that there is no dissipation in the mixing process.
Before proceeding to a com ponent, all tests on the previous 
component m ust be satisfied, if  not, then the inlet param eters of 
the nearest upstream  "free com ponent" are m odified  un til a
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satisfactory operating point is obtained. "Free com ponent" is one 
at which the therm odynam ic variables for the operation of the 
com ponent dow nstream  are generated.
This General com puter m odel can also incorporate air bleed 
system s, re-heat system s and also any form  of fuel scheduling 
can be adopted for control of accelerations and decelerations.
The procedure of the m ethod is illu stra ted  in deta il in 
R eference(33 ).
2.3 THE AFCSP PROGRAM
As m entioned in the introduction of this chapter, the engine 
which is the subject of the present study is a m edium  by-pass 
two spool turbofan, having mixed exhaust through a single final 
nozzle. The L.P. shaft com pression system com prises of a Fan 
which com presses the total air flow, follow ed by a three stage
I.P. Com pressor which further compresses the core air before it 
passes to the H.P. compressor.
Tw o a lte rn a tiv e  p ro ced u res  fo r rep re se n tin g  the  Fan 
behaviour have been used in early work to produce transien t 
m odels fo r th is eng ine . In the f irs t o f th ese , separa te  
characteristics are used for the Inner portion of the Fan and for 
the Outer portion, Ref.(33). This implied that changes in the core 
of the engine, which affect the flow through the Inner fan do not 
alter the flow through the Outer and vice versa. The procedure 
and results for this representation (referred to as "Fixed Factor 
o f S p lit") are d escrib ed  in Section  2 .6 . H o w ev er th is  
sim plification was thought to be a weakness and an alternative
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treatm ent was adopted using the concept of a ’’Adjusting Factor 
of S p lit”. The concept of an adjusting boundary betw een the 
Inner and the Outer Fan was introduced to that second com puter 
model of the engine, Ref.(28), resulting in the program  labelled 
A FCSP and now explained m ore fu lly . This boundary was 
in troduced  in two steps. F irs t step  tow ards ach iev ing  an 
allowance for interchange of flow was achieved by using the Fan 
characteristics split in the ratio of 1 to 3 between the Inner and 
the O uter fan, using the separate characteristics m entioned at 
the beginning of this section. This ratio was based on a frontal 
area sp lit of 1 to 3 and was quantified  in the program  by 
introducing the param eter GEOM. As it can be seen from  the 
follow ing Figure(3), the line representing the GEOM param eter 
coincides with the boundary of the by-pass duct.
 GEOM LINE
- _ FCSP LINE
INLET VIEW OF A TYPICAL TURBOFAN ENGINE
Figure (3)
The second step was to allow for another param eter nam ed 
FCSP (F aC to r of SP lit), so that the fraction of the total annular 
area that feeds the Inner fan is not always equal to GEOM (1 to 
3) but some fraction of it which is the above mentioned FCSP. By 
allowing the adjustment of the FCSP, the air mass flow rate into 
the Inner fan is a fraction of the 1 to 3 designed ratio with the
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rest of the annular area corresponding to the O uter fan. In the 
Figure(3) above the FCSP is given for exam ple a value sm aller 
than 1.0, approximately equal to 0.7. The initials AFCSP stand for 
A djusting the FaC_tor of S P lit and in the method adopted in this 
program it is assumed that the axial component of velocity of the 
air into the Fan is constant radially. This utilises the reasonable 
assum ption that the stagnation pressure and the static pressure 
are both uniform.
In this research it is of interest to investigate and com pare 
the d ifferen t Fan treatm ents and flow d istribu tions in to  and 
after the Fan, using as basis the AFCSP program.
Since all the changes necessary to adopt the d ifferen t fan 
treatm ents were m ade on the AFCSP program , the la tte r is 
described extensively so that the reader can follow  the changes 
made during this investigation.
M accallum, Ref.(28), used the method of continuity  of mass 
flow for modelling the performance of a Two Spool Turbojet and 
Turbofan engines. In this m ethod the calculation procedure at 
each tim e step is iterative  until continuity  of m ass flow  is 
achieved at each section. This m ethod requires a num ber of 
ite ra tion  loops and th is num ber depends on the geom etric  
complexity of the engine.
In this program as well as on all the other com puter programs 
developed , the know n sta rting  param eters are  the  f lig h t 
conditions and the ro tational speeds of the shafts. The flight 
conditions are the am bient tem perature  and p ressu re  w hich 
determ ine the altitude, and also the flight M ach num ber. The 
e n g in e ’s s tag n a tio n  en try  tem p era tu re  and p re s su re  are
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calculated using the am bient tem perature and pressure as well
as the flight Mach number. A pressure recovery factor of 0.995 
is used to account for non-isen trop ic  d iffusion  losses. The 
m ech an ics  o f f lu id s  eq u a tio n s in v o lv ed  are  show n in 
A ppendix(B ).
Now that the entry conditions to the engine are determined, it 
is possible to follow the flow diagram  of the AFCSP program  
shown in Figure(4).
Starting from the Inner fan, its characteristics are stored as a 
table o f eight non-dim ensional speed lines w ith eigh t points 
(corresponding to eight so called "Beta values") on each line. For 
each point, the pressure ratio, non-dim ensional m ass flow  rate 
and isentropic efficiency are tabulated. Together with the eight 
non -d im ensional speeds the co rrespond ing  B eta  values are
tabulated giving eight values for the Inner fan from  1 to 8 
inclusive. The tabulation method of the Inner Fan characteristics 
is show n in F igure(5). All the o ther com ponents tabu lation  
method is sim ilar to the one used for the Inner Fan. The latter's
characteristics are shown in Figure(6).
K now ing  the en try  c o n d itio n s  d e sc r ib e d  e a r l ie r  the  
calculations start by assuming a guessed non-dim ensional mass 
flow rate into the Inner fan and also a guessed Factor of Split, 
forced initially to be equal to 1.0.
In Appendix (B) the Inner fan calculations are outlined. Using 
the characteristics of the Inner fan, a linear interpolation is used 
to calcu late  the pressure ratio  and hence its outlet pressure , 
ise n tro p ic  e ffic ie n cy  and ex ac t B eta  va lue . T he o u tle t 
tem perature from the Inner fan is also calculated as shown on
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Appendix(B). Now the inlet conditions of the IP com pressor are 
know n .
The IP com pressor characteristics, are stored as a table of 
eight constant non-dim ensional speed lines with ten points on 
each line, corresponding to the ten Beta values. For each point 
the p ressu re  ra tio , n o n -d im en sio n a l m ass flow  ra te  and 
isentropic efficiency are tabulated. Using the same interpolation 
used for the Inner Fan and the charac teristics o f the IP 
com pressor shown in F ig .(7), the outlet conditions from  the IP 
com pressor are calculated. Knowing the mass flow rate and inlet 
p ressure  and tem perature , the ou tle t pressure  is de term ined  
together w ith the actual B eta value and effic iency  o f the 
com pressor. At this stage the outlet tem perature from  the IP 
compressor can be calculated as shown in Appendix(B). The exit 
from the IP compressor is now reached and the values of P2 6, T26 
and m 2 6 have been calcu la ted . T hese are now  the en try  
conditions to the HP compressor.
The HP com pressor characteristics are stored as a table of 
fifteen non-dim ensional speed lines with ten points on each line 
corresponding to the ten Beta values. For each point the pressure 
ratio , non-dim ensional mass flow rate and isentropic efficiency  
are tabulated. The characteristics of the H.P. com pressor are 
show n in F igure(8 ). The know n param eters are the  non- 
dim ensional mass flow rate and in let pressure and tem perature. 
During the HP calculations, a guessed HP com pressor pressure 
ratio is used together with the non-dimensional speed, which can 
be evaluated, in order to determ ine the non-dim ensional mass 
flow rate and isentropic efficiency. The procedure and the actual 
calculations are shown in Appendix(B). After the HP calculations,
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a com p ariso n  is inc luded  betw een  the  ac tu a l and the 
characteristics obtained non-dim ensional mass flow rate. This in 
turn w ill trigger e ither the HP com presso r p ressu re  ra tio  
(P 3/P 26) under LOGIC(2), or the core non-dim ensional mass flow 
rate under L O G IC (l), to be revised. This can be seen in the flow 
diagram of the program.
In general L O G IC (l) was used for decelerations and LOGIC(2) 
for steady running and acceleration.
As it w ill be seen in the description of the com putational 
models developed in this research, a com bination of the two 
logics was som etim es necessary to be used for steady running 
and transients.
The triggering of the program, under L O G IC (l), to revise the 
core non-d im ensional m ass flow  ra te  im p lies th a t a ll the 
calculations up to this point have to be perform ed again from the 
beginning until convergence is achieved. This w ill require a 
number of iterations with cost in computing time.
At the exit of the HP com pressor the known param eters are 
the exit tem perature and pressure and the air m ass flow  rate. 
These are now used as the inlet conditions for the Com bustion 
Cham ber. The fuel m ass flow rate  is also know n e ither as 
specified during steady running or as a fuel schedule during 
transients. The fuel schedule used was a function o f the HP 
compressor pressure ratio. The effective fuel mass flow rate can 
be calcu lated  by m eans of a com bustion  e ffic iency  factor. 
A nother fac to r is also included in the calcu la tions of the 
C om bustion C ham ber, the p ressure  loss fac to r, w hich is a 
function of the ratio of combustion in let pressure to the engine
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in le t pressure.
Finally a simple energy balance is used to calculate the outlet 
tem perature from the com bustion cham ber, using the in le t one 
and the effective fuel mass flow rate.
At this stage (exit from the Combustion Chamber), the actual 
non-dim ensional mass flow rate is compared to the H.P. turbine 
characteristic ’s corresponding one and this could rev ise  e ither 
the HP com pressor pressure ratio under L O G IC (l), or the mass 
flow rate into the core of the engine under LOGIC(2). This would 
trigger another series o f iterations until convergence is once 
again achieved.
Following the flow diagram of the program, the calculations of 
the HP turbine can now be executed. The characteristics o f the 
latter are stored as a table of twenty two non-dim ensional speed 
lines w ith fifteen points on each line, corresponding to the 
fifteen "work factor"(CpA T / T ) values. For each point the work 
factor, non-dim ensional mass flow rate and isentropic efficiency 
are tabulated. The non-dim ensional speed of the HP shaft is 
calculated using the inlet tem perature and shaft speed.
At the beginning of the calculations a guessed work factor is 
used and the non-dim ensional mass flow rate is the one for the 
previous component. A linear interpolation is used, as shown in 
A ppendix(B ), to calculate the non-dim ensional m ass flow  rate  
and the isentropic efficiency.
The Cp value used in the ca lcu lations o f the p rev ious 
com ponent is also in itially  used in the HP turbine. An actual 
value of T 5 and the value of v  are calculated in o rd er to e v a lu a te  
a better Cp value. Then the new Cp value is used to calculate the
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isentropic value of T 5 and finally the HP Turbine pressure and 
tem perature at the exit, which includes the cooling flows that 
exist in this component.
At this point the program  compares the actual and the L.P. 
T urb ine ch a rac te ris tic 's  co rresponding  non -d im ensional m ass 
flow rate. If  the two flows are not w ithin the perm issib le  
tolerance, then the in itially  guessed work factor into the HP 
turbine is revised until convergence is achieved.
As it can be seen from  the flow diagram  of the program , 
Fig.(4), the inlet conditions of the LP turbine are now known. The 
characteristics of the LP turbine are stored as a table of nine 
non-dim ensional speed lines with nineteen points on each line. 
As for the HP turbine, the work factor, non-dim ensional mass 
flow  ra te  and isen trop ic  effic iency  of the LP tu rb ine  are 
ta b u la te d .
The calculations of the LP turbine are identical to the HP 
turbine ones which were described earlier and are also given in 
more detail in Appendix(B).
The program  now executes the calculations of the O uter fan. 
The characteristics of the Outer fan are stored sim ilarly to the 
Inner fan's, with only difference being that the num ber of Beta 
values stored for the Outer fan is twelve.
Using the Factor of Split, the actual air mass flow through the 
Outer fan can be calculated. The calculations for this com ponent 
are shown in Appendix(B). Apart from  the air mass flow , the 
inlet tem perature and pressure are also known since they are 
the same as the Inner fan in le t ones. U sing the O uter fan 
characteristics, F ig .(9) and the non-dim ensional speed, w hich is 
also calculated, an interpolation is used to evaluate the pressure
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ra tio  and isen tro p ic  e ffic ie n cy . H ence the p ressu re  and 
te m p e ra tu re (P 13,T13) at the ex it from  the O uter fan can be 
ca lcu la ted .
Now the param eters at the in le t to the by-pass duct are 
known and can be used for the duct calculations. These will 
enable to find the exact conditions of the air at the in let to the 
Mixer, see Figure(4).
Both the by-pass and gas duct at the mixer are assum ed to be 
isentropic. The gas duct's inlet conditions are the exit ones from 
the LP turbine. Using the equation:
which incorporates the core gas or by-pass air flow  areas in 
conjunction with the ratio  of stagnation to static pressure , the 
two mass flow rates, (gas and air), can be evaluated. The by-pass 
exit tem perature and mass flow rate has already been corrected 
with the possible addition of bleed flows from  the core of the 
engine. Hence the static pressures of the gas and air after the 
m ixer are calculated and com pared. If  the d ifference betw een 
them is not lying within the specified perm issible tolerance, then 
the work factor of the LP turbine is revised. This again triggers a 
series of iterations until convergence is achieved.
Finally the Final Nozzle calculations can now be perform ed 
since the inlet param eters, being the outlet from the m ixer, are 
now known.
Previous sim ulation techniques have proved that an accurate 
assum ption is to treat the core gas and by-pass air separately.
2_
v
Y - 1  _1
Y 2
56
The ratio of am bient to stagnation pressure is calculated in order 
to determine whether or not the flows are choked. This ratio will 
be equal or less than unity since supersonic velocities cannot be 
attained in this engine.
The exit area required for the two flows is then calculated 
and modified by a coefficient of discharge. The area is calculated 
using the gas dynamics equation shown below:
and for choked flow, M = l, which reduces the above equation
A test is perform ed after the Final Nozzle calculations during 
which the calculated area is compared to the available one and if 
the two areas do not agree then the Factor of Split is revised at 
the inlet to the engine, so that a new distribution of air flow is 
achieved between the Inlet and Outer fan. In this case all the 
calculations of the program  have to be repeated until the values 
calculated for the two areas agree. The above m entioned test will 
be called from now on the Final Nozzle test.
2.4 VERIFICATION OF THE FCSP CONCEPT
The AFCSP program was now used to show the significance of 
the concept of the F aC tor of S P lit (FCSP). The program  was used
Y+1
2 ( 1 - v )
to :
Y + 1
2 ( 1 - y )
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to predict the steady running and transient results in d ifferent 
flight conditions in order to exam ine the variation of the FCSP 
with changes both in Mach num ber and Altitude.
The following flight conditions were exam ined:-
a. Sea Level Mach = 0.2
b. 43,000ft. Mach = 0.2
c. 43,000ft. Mach = 0.8
In all conditions the results of the predictions of the program
were used to plot the FCSP value against a base line of the Nlon
D im ensional Speed of the Low  Pressure  com pressor ("N D SL P"), 
and also against the N on D im ensional Speed of the H igh P re s su re  
compressor ("NDSHP"). *
The Figures(10,l 1,12,13,14 and 15) show the variation of the 
FCSP value during the above m entioned conditions.
For the steady running results, in all conditions, the FCSP has 
a low value(e.g. 0.7) at low fuel flow and increases in all cases
towards the value of 1.0 as the fuel flow and subsequently the
shaft speeds increase. This is a result of the characteristics of the 
com pressors selected.
The transient predictions are now discussed. Considering first 
the decelerations, the resu lts being presented in the form  of 
Factor of Split(FCSP) against non-dim ensional speed of the L.P. 
C om pressor(N D SLP), it is seen in all cases that during  the 
deceleration the Factor of Split drops below  its corresponding 
steady running value.
The high pressure system  of the engine under investigation  
was designed to provide high com pressive efficiency at the high 
speed operational conditions (take-off, cruise) and also to be able
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to allow the engine to operate at low speeds associated with 
start-up and ground idling. This is achieved by incorporating 
variab le  In le t G uide V anes. (IGV's), to the in le t of the HP 
com pressor linked with a seventh stage HP com pressor bleed 
valve. The system  is controlled hydraulically using an actuator 
w hich responds to the non-d im ensional speed of the HP 
com pressor. As the deceleration starts, the HP shaft, follow ing 
the rapid decrease in fuel flow, starts to decelerate with the LP 
shaft trying to follow. As the HP shaft speed drops it reaches the 
non-dim ensional speed of 586 where the hydraulic actuator is 
activated closing the IGV's and open the seventh stage bleed. 
This resu lts  to an even m ore rap id  decrease  o f the HP 
com pressor m ass flow  w hile the inertia  o f the m assive fan 
assembly keeps the fan running still at high rotational speeds in 
comparison to the already decelerated HP shaft. This results in 
an attem pt to direct an excessive air flow into the core o f the 
eng ine, m ore than  the HP com ponents can hand le . T his 
behaviour of the engine explains the m ovem ent of the FCSP as 
shown in F ig u re s (1 0 ,l l  and 12). A t the firs t p a rt o f the 
deceleration the FCSP value decreases by an average o f 20 per 
cent in order to divert more air away from the core and into the 
by-pass part of the engine, keeping thus the air mass flow rate 
into the core in agreem ent with the amount of air flow  that the 
HP components can handle as they decelerate faster than the LP 
ones.
Both at sea level and altitude, the deceleration starts at H.P. 
shaft speeds close to the critical speed of the IGV’s. The alm ost 
imm ediate response of the IGV's results in a rapid decrease of 
the value of the FCSP which thus reaches low er values much
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sooner than the steady running resu lts predicted . H ence the 
deceleration results of the FCSP appeared to deviate from  the 
steady running predicted ones from  the start and throughout 
m ost of the transient.
For the Sea level Mach equal to 0.2 case, the FCSP results for 
the last part of the deceleration, are very close to the steady 
running results showing for both an unexpected rapid decrease 
of the FCSP value at the lower shaft speeds and fuel flows. Since 
the transient at this stage follow s the steady-running line with 
minim um  discrepancies, it is preferable to explain this predicted 
behaviour of the FCSP by looking at the steady-running results.
The marked downturn of the curve is near the low part of the 
fan characteristics, starting when the mass flow rate is such that 
the characteristics m ove tow ards the low est non-d im ensional 
speed line of 93.2. Here the engine is running at very low fuel 
flow . A t th a t n o n -d im en sio n a l speed  the p re ssu re  ra tio  
operational range of the Inner Fan is 1.02-1.03-1.02, which is a 
quite fla t curve. A t the same speed, the Outer fan’s pressure
ratio  operating range is from 1.02 to approxim ately 0.97. It can 
be seen that the Inner fan tries to im pose a single po in t of 
operation on the Outer fan close to their common pressure ratio 
of 1.02. However this is an extrem e point of operation for the
Outer fan as the non-dimensional mass flow rate is very low for
both  the by-pass duct and the  m ixer. This ex p la in s the
behaviour of the FCSP which starts to reduce its value by about 
15 per cent in order to push more air to the by-pass duct and 
the mixer.
For both cases of altitude of 43,000ft. and M ach num bers
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equal to 0.8 and to the extrem e case of 0.2, the FCSP value 
appears to decrease at the first part of the transient and moving 
towards a stabilising point at the end of the transien t which
coincides with the starting point of the steady-running results. It 
should be noted that the starting po in t of the deceleration
coincides also with the maximum point o f the steady running 
re su lts .
Turning now to the acceleration results it can be observed
from the graphs (Figures 10,11 & 12), that for all conditions, the 
FCSP versus the NDSLP showed a consistency of results. At the 
beginning of an acceleration, the FCSP has a very low value 
sim ilar to the steady running results. This indicates that a small 
proportion of the total air flow goes into the core part of the 
engine, see F igure(3) in the previous section o f the current 
chapter.
As the acceleration progresses the H.P. shaft speed reaches 
the c ritica l speed of the IG V 's(552) w hich th is tim e open, 
allowing the H.P. com pressor air flow to increase rapidly. Also 
during the acceleration the increase in L .P. shaft speed lags
behind that in the H.P. shaft speed, due to the re la tively  low 
inertia of the H.P. system and the relatively high inertia  o f the 
L.P. system. The sudden increase in air dem and for the H.P. 
com pressor when the IG V ’s begin to open, coupled w ith the 
lagging speed of the L.P. shaft, causes the pressure ratio  of the 
I.P. compressor to drop, to deliver a larger air mass flow, and the 
Factor of Split to increase.
This appears in the Sea level, Mach=0.2 results as a deviation 
from  the steady running results tow ards h igher FC SP values
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during a range of NDSLP betw een 200 and 440. As the 
accelera tion  continues the FCSP m oves tow ards the design 
operating point of 1.0 in order to allow increasingly more air to 
go through the Inner Fan and the core part of the engine.
In the extrem e case of altitude of 43,000ft. and low Mach 
num ber equal to 0.2, F ig u re (ll) , the results are very close to the 
previous described case. Again the FCSP shows an increase from 
0.825 to 0.875 during a change of NDSLP between 310 and 320, 
showing thus a very rapid increase. Then the rate  o f increase 
decreases as the value of FCSP moves towards the design point.
For the case of Mach num ber of 0.8 at 43,000ft., a more
reasonab le  response of the FC SP is show n in F igu re(12 ),
9
appearing to increase rapidly at the beginning of the transient, 
as it w ould be expected, and continuing to increase norm ally
towards the value of 1.0 for the rest of the transient.
In general it could be concluded from  the above com parison, 
that the acceleration results, when p lotted  against the ND SLP 
compressor, show a consistency in all flight conditions. The FCSP 
values always lying higher than the steady running ones and all 
showing a rapid increase during the first part of the acceleration 
and then a norm al increase towards the design point of 1.0 as 
the transien t progresses to the h ighest fuel flow s and shaft 
sp eed s .
The effect of changing the altitude at constant Mach num ber, 
is to cause a difference in the range of the FCSP values. A t sea
level there is a range of around 35 per cent while this is reduced
to below 20 per cent as the altitude is increased to 43,000ft..
The change in Mach num ber keeping the same altitude of 
43,000ft., also shows a change of the range of the FCSP values
62
breifly from just below 20 per cent in the case of Mach equal to 
0.2, to around 40 per cent at Mach number equal to 0.8.
The variation of the Factor of Split(FCSP) is also illustrated in 
Figures(13,14 & 15), as a function of the non-dim ensional speed 
of the H.P. compressor(NDSHP). The range in the values of the
FCSP is of course the same as in the previous plots (versus
NDSLP) but the relationship with NDSHP is not obvious, apart 
from the known result that the FCSP rises as the engine moves 
from idling to maximum speed. The apparent distortions in the 
plots arise from  the com plex interactions o f the shaft speeds,
which are discussed in the next chapter.
2.5 COMPARISON OF THE AFCSP AND AFSPSH PROGRAMS
2.5.1 The AFSPSH Program
A knowledge of flow distribution problem s and the necessity 
of being able to analyse quantitatively problem s involving flow 
distribution has becom e increasingly im portant in m odern fluid
flow and heat transfer systems.
Flow distribution non-uniform ity occurs in alm ost every real 
flow system. The m aldistribution of fluid flow can be caused by 
several factors such as viscosity effects, flow geometry, or a flow 
control device (blockage, flow injection, local heating, e.t.c). The 
most im portant and obvious consequence of flow m aldistribution 
is on the pressure.
These effects were studied and represented as a new m odel 
fo r sim ula ting  the T yp ical T urbofan  eng ine  in co rp o ra tin g  
allowance for the flow redistribution after the fan.
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The program  AFCSP, as m entioned earlier, allows the flow 
distribution into the core and by-pass regions to vary by a factor 
named Factor of Split (FCSP). Consider now the Figure(16), which 
shows the region between the fan and the by-pass splitter of the 
eng ine .
Assume that at a particular instant the FCSP has the value of
1.0. In this case A 13 is the area corresponding to the by-pass 
flow which is going to be equal to A 14 (FCSP = 1.0) which is the 
area at the entrance of the by-pass duct of the engine. Sim ilarly 
the area A 24 is the area corresponding to the core flow just after 
the fan and A 25 is the area at the entrance of the core region 
ju st after the by-pass splitter. The two areas have a very small 
d iffe ren c e .
In the case that the FCSP is not equal to 1.0-for illustration a 
value less than 1.0 is assumed, then A 24 is going to be sm aller 
and A 13 is going to be larger as it shown in the Figure (17).
L25= 12 0 m m ,  
LH = 2 0 4 m m ,  
L13= 2 0 4 m m ,
Lh = 2 1 2 m m ,  d 24 >
Lk = 2 2 0 m m ,
25
Then:
L 24 = FCSP x L24 where L24 = 1 2 4 m m
A 24_7r(L-b24+ L 2 4 ) Tr^*D24)
24
)
2
L 13“ L 13+L a
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LA = L 24<F C S P  x L 24>
This means that the flow  intended to by-pass the engine, 
emerges behind the Fan in the area A ' 13 which is larger than the 
actual by-pass area A 14. The inverse is the case w ith the core 
flow where the area A ' 2 4 is now smaller than the A 25
At this point is evident that a m aldistribution of flow occurs.
The control volume shows, in Figure (17), that the by-pass flow
converges into a nozzle of inlet area A ' 1 3  and outlet A 1 4  w here
A ,i 3>A i4 and having one wall as the outer casing of the engine 
and the other "wall" being the core flow. Since the outer flow is 
forced to a smaller area from a larger one, this will give rise to 
an increase in the flow's velocity and a decrease in its pressure.
The inverse occurs for the inner flow which is decelerated as 
it flows through a divergent nozzle after the fan and into the
core region of the engine, as it can also be seen in the Figure 
(17). H ence both flow s have a com m on boundary  w hich
effectively is the common wall of the convergent nozzle of the 
by-pass flow and of the divergent nozzle of the core flow.
At that interface, the by-pass flow  m oving re la tiv e ly  faster 
than the core one, tends to accelerate the latter w hile the core 
flow tends to decelerate the by-pass one. It is obvious that both
flows do not experience a sudden change in velocity  but this
happens gradually over an area which is named as the A rea of 
Contact between the two flows which is the area of the common 
boundary  of the two flows.
At the interface, molecules from each region, can m ove freely 
in to  the other reg ion , thus g iv ing  or tak ing  up v e lo c ity  
depending from which flow the m olecules originated. This gives 
rise to a momentum transfer across the Area of Contact, (A Con).
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This change in momentum is the one that tends to accelerate the 
core flow or decelerate the by-pass flow , resulting in a shear 
stress at the interface (Area of Contact) of the two regions.
The existence of the difference in velocities of the two flows 
and hence of the shear stress, will result in different pressures 
of the flows at their entrance to the by-pass and core region 
re sp ec tiv e ly . Until now the pressures of the flows ju st after the 
fan, were the ones considered as the inlet pressures for the next 
com ponents (the IP com pressor and the by-pass duct). The 
possib ility  o f the existence of this d ifference was investigated  
and the theory was used to form, first a m athem atical model and 
then a computer model named AFSPSH ( A djusting the Factor of 
S P lit considering also the S H e ar stress betw een the flow s ju st 
after the fan).
The m agnitude of the Area of Contact depends on the actual 
FCSP value and on the distance from  the engine's splitter, where 
the two flow s start to separate m oving tow ards the ir final 
destination, the by-pass or core region.
U nfortunately at the time when the present investigation was 
carried out, there were not enough inform ations on pred icting  
the separation of two jets of flow upstream  of a splitter, and was 
decided to start the m odelling considering that the separation 
point was im m ediately after the Fan. In this way the A rea of 
Contact was m axim ised so that the results of the investigation 
would be under the extreme conditions, helping in this way to 
decide if  the above mentioned effects are worth of consideration.
From the work of Ellingsworth, Shu and Kuo, R ef.{Journal o f  
Engineering fo r  Gas Turbine P ow er , Vol.106, Year 1984)  and
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from the Ref.( Handbook o f  Fluid Mechanics), it was decided to 
use a friction factor of 0.094.
By applying a m om entum  balance on the con tro l volum e 
shown in Figure (17) the following expressions are obtained: 
Momentum equation for the Outer flow:
( P 1 3 x A 13) _  ( P H x A H ) _  '  2  ( A 13_ A 14) _ T X  A Contact=
= m u — m u
o u te r  14 o u t e r  13 
b u t  m = p A u  (Continuity)
H ence m = P h A ,4 u h  -  P , 3 A ]3 U] 3  
From P V = mRT and m 7 V = p we get that p  = P /  R T 
A lso u =M V vR T
Hence the momentum equation can be reformed to:
- t * A con= 0  - [ I ]
w h e re
P ,3A ,3(1+< ) ^  P H A H (,+V M ?4}
are the Impulse Functions and by definition the shear stress T 
is given from the equation:
2
( ^ )
2
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In equation [ I ] ,  since the term ( P 1 3 + P 1 4 V2  x (A 1 3-A14) is an 
approxim ation , it is essen tia l at th is stage to ju s tify  how 
successful is. In order to ju stify  it, the case w here t  = 0  i s  
co n sid ered  and then equation [I] b e co m es :
2 2 /  ^  \
P A ( 1 + y M  ) - P A ( 1 + y M  ) - C - 12— 1 1 ) (A - A ) = 0
13 13 13 14 14 14 v  2  13 14
also
V
P . = P  or P (1+-^—-1 M2 ) V"1= P (I+^^-Im2 )Y-1 
013 o i4  13 2  13 14 2  14 r m... [ i i  j
Now by using as typical values P 13=110,000 N /m 2 and M 1 3 =0.3 
and M 1 4=0.333 the equation [II]  gives:
P  l + ^ - ^ - M 2  V _ 1  3 , 5
2  13)  = 0 .9 8 7 1 1 2  ( ! )
P - " - V" 1 BT 1 .02178  " A l )1 3  ! + ■
2  14
From Continuity it can be obtained that A 13u 1 3p 13=A 14u 1 4p 14  
which can also been written as:
t  Jr i____
A. M .V vR T — —  = A M VvRT 1 41VJ. v 5 IVJ.  1V1 If « IV _L   //■) \
1 3  1 3  R T  1 4  1 4  P T
1 3  1 4
But it is also known that:
T (1+-^—1 M2 ) = T ( l + ^ - l l v f  )
1 3  2  13 14 2  1 4  •••(3)
By substituting equation (3 )  into (2 )  we get :
A M P / 1 + ^ —1 M ^  = A M P . / l + ^ - l
1 3  1 3  1 3  2 13 14 14 14V  2 M21 4 . . . [ I I I ]
Substituting the results obtained from  ( 1 ) to equation [ I I I ]  
the following result is obtained:
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A h = A 13 x 0 . 9 1 9 2 5 5 ...(4 )
By substituting the resu lts  of (4 )  to equation [II  to g e th e r  w ith  
the rest of the known parameters, then the equation [ I I  re d u c e s  
to an equality 0 . 0 0 0 0 2 4  = 0 , which is correct w ithin a 0.03% 
error. Hence it is justified that the approxim ation of equation [I] 
is correct w ithin the above mentioned error.
E q u a tio n  [ I ]  as it stands, is very  com plica ted  to be 
incorporated into a com puter program and it was thought, at this 
stage, to attem pt to simplify it.
Consider now the case where the control volum e representing 
the air flow after the Fan, Fig.(18), is divided into two parts. The 
first part of the flow is isentropic and the second is considered 
w ith fric tion . For the first part a d ifference in  area is also 
allowed to occur as it is shown in the Figure (18) below:
A. A 135
35
A
t  Isentropic*
*  A
! 24
! P
y  24__________
y  Friction
V ..........
A,
245
245
14
14
^ 5
P25
Figure (18)
The second part, where friction is allowed, there is no change 
in area.
In this particu lar case described above a sim pler version of 
equation [I]  will be tested for its adequacy to describe the flow.
^ 0 1 3 X A 14 ^ 0 1 4 X A 14 T X A CONTACT . . .[ IV ]
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It is now necessary to ju stify  how accurate is the above
sim plified version of equation [I I .
Consider M |3 = 0 .3 0  M| 3 5  = 0 .3 3  M1 4 = 0 .3 5
^oi3 =^ o i 3 5  anc* P0 ] 3  = 1 1 0 ,0 0 0 N /m 2
For the flow between the station 135 and 14 it is possible to
use the equation [ I I I ] ,  which will become:
a ,h m,35|W  ' " t 1  -  a „ m„ p, , V ^ F x
but A i3 5 = A 14 and also P 1 3 5  and P 1 4  are static pressures and 
have to be converted to stagnation  ones. H ence the above
equation is transform ed to:
By substituting all the known values to the above equation 
and solving for P 0 1 4  the result is P 0  ] 4  = 1 0 4 ,5 4 4 .7 6  H ence P 14
and P j 3  can be calculated and are found to be :
P 14 = 9 6 ,0 5 2 .8 7 9  and P 1 3  = 1 0 3 ,3 4 1 .6 7  
Now the above found values can be substituted to equation 
[ I I I ] ,  which results in:.
A x  3 1 2 8 0 .2 7 9  = A x  3 4 0 2 7 .8 4 2
13 14
or
A = 0 .919255  x A
By using the above results found from equation [ I I I ] ,  to the 
equation  [ I V ]  and also to equation [ I ] ,  it is then possible  to
compare the results between [ I ]  and [ I V ]  and decide w hether or
not their discrepancy is acceptable.
0 1 4
m2 )
14
Y+1
2(y - 1)
M
14
70
From [IV ! it is found:
A ,3 x ( 1 0 1 ,1 1 8 .0 5 - 9 6 ,1 0 3 .2 9 3 )  = t ( A Con) o r  
(T x A Con) = 5 0 1 4 .7 5 7  x A 13 
From [I]  it is found:
(T X A Con) = 4 8 7 2 . 6 2 3 6  x A 13 
The results of the two equations show a discrepancy of 2.8% 
which is w ithin the reasonable lim its of error acceptance and 
hence equation [IV ]  can be used reliably as a sim plified form of 
the equation [ I ] .
As m entioned earlier the Area of C ontact depends on the 
value of the FC SP. In order to be able to continue this 
investigation  the A rea of contact has to be evaluated . The 
Figure(17) shows the dimensions in the control volume, obtained 
from  the G eneral A rrangem ent Drawing of a typical turbofan 
engine of scale 0.5:1. Knowing all the dim ensions required then 
the Area of Contact (ACon ) is equal to the area of a surface o f 
revolution, as shown in the Figure(19) below:
Figure(19)
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The corresponding dimensions to the above Figure are: 
r = L 24 x FCSP=L ' 24 where L2 4 =124 m m
R = L25 = 120 m m  and LG = 60  m m
La =L24- L 24x FCGP = l 24( i - f c s p )
, 4L- - ' /LX
2
Also A 14 = i t  ( L14  + L25) where L 1 4  = 204  m m
By substitu ting  the above m entioned know n values then
A h  = 0 . 5 6 6 5 4 2  m 2, and equation [IV ] can be written as:
T x A 'Con.P ~P =-------
013 014 A
14
Consider now the case where the conditions in stations 1 4 and 
2 5 are the same with the conditions in stations 1 3 and 2 4 . Then 
the velocity at 1 4 can be represented as a function of P o i 3 »T013>
m b y - p a s s  an<^ A  j 4 .
Using the Continuity equation the follow ing form ula can be
o b ta in ed :
m. = x / v ---------------^ 4F -bp [ 4  V  R Y+1
v  0 1 3  y — ] ?  v 2 ( y - 1 )
2 14
It is important to be able to calculate the velocity of each flow 
(core or by-pass) at the exit from  the control volume shown in 
Fig.(17 and 18). This will enable to calculate the relative velocity 
between the two flows which can then be used to evaluate the 
shear force at the contact of the two air streams. The pressures 
of the two flows can then be calculated at the inlet of the core 
and by-pass regions.
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Param eters obtained from  the steady state resu lts predicted 
from the AFCSP program  at Sea level and M ach equal to 0.2, 
w ere substitu ted  in the above m entioned  eq u atio n . T hese 
parameters were: T 0 ; 3 = 2 9 5 .9 4 , P 0 i3 = 10 9 . 4 6 ,  and also the by­
pass non-dim ensional mass flow rate. The above equation can 
then be re-w ritten in the simplified form shown below:
The calculations involved are shown in Appendix (C).
In order to calculate M j 4  from the above sim plified equation a 
NAG subroutine (E04ABF), was used in the main program , which 
calculates the least values of the the above equation w ritten in 
the form:
The whole equation was raised to the pow er of 2 in order to 
secure positive results.
Hence M 14 is evaluated and then U 1 4  is given by :
The sam e p rocedure  is repeated  fo r the co re  flow  and 
similarly U2 5  is calculated.
The m athem atical justification  and procedure of calculations 
is shown in Appendix(C).
Once U1 4  and U 2 5  are known, then their difference is used to 
evaluate t  from the formula:
 -L- —-= 0 .2 2 1 0 3 5 5
( 1+0.2M )
1 4
t=  1 /2  f p  U2 where f  is equal to 0 . 0 9  4 and p  is
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calculated from:
^025+ ^014 ^024+ ^015
p = J L = 2---------- =---------- 2----------
^  ft ^ ~^ 025+^014 ^ p ^ J o Z i l l o i l  )
Both t and A Con< are substitu ted  into equation [ I V ]  to 
calculate the new pressures at the in let of the by-pass and core 
parts of the engine. These new values are the ones used for the 
calculations of the next components.
The calculations involved are also shown in A ppendix(C ). 
M ore hand calculations were done using other input param eters 
from  the AFCSP program, in order to com pare and ju stify  the 
predictions of the program AFSPSH.
2.5.2 Comparison Of Predictions
The new program was used to predict the Steady State results 
of the typical Turbofan engine in two different flight conditions: 
Sea Level and Mach = 0.2 and 
Altitude = 47,000ft., Mach = 0.92
Figures(20 to 24) show the comparison of the AFSPSH results 
to those obtained from the AFCSP program , which was run under 
the same flight conditions.
Figures(20 and 21) show the LP and HP shaft speeds against 
the Fuel flow predictions for both program s. Their results show 
no divergencies. The predictions are also identical for the Thrust 
versus the Fuel flow, as shown in Figure (22).
F inally for the Sea Level condition, the two new pressure 
ratios of the AFSPSH program (P | 4 / P 1 a n d  P 25/ P 1) were plotted
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against the O uter and Inner Fan non-dim ensional m ass flow 
rates. The corresponding pressure ratios of the AFCSP program  
were superim posed in the same graphs in order to outline any 
significant d ifference. F igures(23 and 24) show that the two 
program s give identical predictions.
S im ilarly  for the A ltitude= 47 ,000ft. p red ic tions, the two
programs were used to plot the LP and HP shaft speeds against 
the fuel flow.
W hile the LP versus the Fuel flow  resu lts  show  no 
discrepancy, F ig .(26), the HP shaft speed showed a difference at 
the middle of the HP shaft speed range. This difference between 
the two programs is of the order of 0.47% as it can be seen in 
F igu re(27 ).
The same appears to ex ist when the LP shaft speed was 
plotted against the HP one, see F ig .(25). The d iscrepancy was 
again at the middle of the speed range and of the order o f 0.47%.
The predictions of the two program s were also used to plot 
the two new, shear force including, pressure ratios and the ones 
obtained from  the AFCSP program  against the non-dim ensional 
air m ass flow  rate . F igure(29) shows the P 1 3 / P 1 (AFCSP
prediction) and P 1 4 / P ; (AFSPSH predictions) plotted against the 
O uter Fan a ir  m ass flow  ra te . F ig u re (3 0 ) show s the  
co rresponding  param eters p lo tted  fo r the In n er F an . B oth  
Figures show that there is no significant d iscrepancy betw een 
the predictions of the two programs.
From the results of the AFSPSH program and their com parison
to the AFCSP ones, it is noted that the effects that were m odelled
in the AFSPSH program , although it was proved that they exist 
and cause some changes, there is not any significant departure
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from the AFCSP predictions. Since shear force effects due to 
m aldistribution of flow will exist in other parts of the engine 
also, (e.g. in front of the Fan), the current investigation proved 
that these effects are negligible and can be ignored. The AFSPSH 
program  executes significantly m ore calculations and iterations 
under the expense of com puting running tim e, som ething to 
becom e very essential when incorporation of other effects will 
take place, such as Heat Transfer effects.
For the above mentioned reasons as well as for the fact that 
the AFSPSH predictions were identical to the AFCSP ones, it was 
decided to drop the AFSPSH program  from  the subsequent 
in v es tig a tio n .
2.6 THE FFCSP AND FFSCCH PROGRAMS
2.6.1 The FFCSP Program
In this program  a different air flow  representation into the 
Fan is considered. This model does not allow any redistribution 
or interchange of flow between the Inner and the Outer sections 
of the Fan. This was achieved by using the AFCSP program  as it 
is, but forcing the Factor of Split (FCSP) to be fixed at all times 
and equal to 1.0. Hence the program  derives its name from  the 
Fixed FaCtor of SPlit (FFCSP) concept.
The link which had existed betw een the Inner and O uter Fan 
on the AFCSP program , see Figure(4), has now been rem oved. 
The final problem  to be solved before  the program  could  
sim ulate a typical Turbofan engine, was the adjustm ent o f the 
test betw een the required and available nozzle area. In AFCSP
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program , once the calculation procedure had reached the Final 
Nozzle Test, then if no agreement existed between the two areas, 
the FCSP was revised at the entrance to the Inner Fan and all 
calculations were repeated until convergence was achieved. In 
the FFCSP program, since the Factor of Split is always equal to
1.0, the total air mass flow rate into the engine is revised, once 
the test of the two areas is reached, and the calculations are 
repeated until convergence is once again achieved.
2.6.2 The FFSCCH Program
Since in practice it is not possible to measure the conditions in 
betw een the Inner F a n ' and the I n te rm e d ia te  P j r e s s u r e  
com pressor (IP or B ooster), it was considered that the two 
components could be combined and represented as one section.
The programs AFCSP and FFCSP at the appropriate stage read 
the values of the characteristics of the Inner Fan, IP com pressor 
and Outer Fan, in the sequence just mentioned. The new program  
developed, by-passes the characteristics o f the IP com pressor 
and instead of reading the Inner Fan's characteristics, these are 
replaced with the characteristics of the Combined Inner Fan and 
IP compressor section, produced from the program CH INFCIPC.
This program, (CH INFCIPC), has been developed to produce 
the characteristics of the new section consisting of the com bined 
In n e r F an  and IP co m p resso r. I t  u sed  th e  se p a ra te  
c h a rac te ris tic s  o f the  two com ponen ts and w ith  c e rta in  
interpolations produced the new com bined characteristics. These 
shown in Figure B in  the separate report which is included in 
Appendix(D).The program (CH INFCIPC) gives the combined :
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Pressure Ratio=RCMPC
Non-dim ensional air mass flow rate=A IlE R R  
Beta values=BETAC 
In order for the program to by-pass the characteristics of the 
IP compressor, a new parameter was introduced, named NDELI.
If this param eter is given the value of 1, then the program  
uses the combined characteristics instead of the Inner Fan's, by­
passes the IP compressor's ones and then reads the Outer Fan's.
This program, like the FFCSP, keeps the Factor of Split fixed 
and revises the air mass flow into the engine until equality is 
achieved betw een the required and available nozzle area. This 
new program  is thus labelled as FFSCCH ( Fixed Factor of S_plit 
c o n s id e rin g  In n er Fan and IP  C o m p resso r C o m b i n e d  
C H aracteristics).
The results presented in this research showed that the two 
program s gave as expected, virtually the same predictions.
2.6.3 Comparison of the FFCSP and FFSCCH Programs 
The two program s were used to p red ic t the steady state 
results under two flight conditions:
Sea Level, Mach=0.2 
and: A ltitude=47,000ft., M ach=0.92
Figures (31 to 35) show the results for the Sea level condition. 
To com pare the two program s several param eters were plotted  
in the above mentioned graphs. Figure (31) shows the HP shaft 
speed plotted against the the LP shaft speed. The results of the 
two program s show no significant differences. At the top range 
of the shaft speeds there is a very slight discrepancy which can 
be considered as negligible.
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In Figure (32), ^2 6 ^ 1  plotted against the non-dim ensional 
speed of the LP shaft. The predictions of the two program s are 
again identical, as is the case when the LP and HP shaft speeds 
were plotted against the Fuel Flow, as shown in Figures (33 and 
34). Only in the top speed range is there a slight discrepancy 
which can also be considered as negligible. The results are once 
again identical when the Thrust was plotted against the Fuel 
Flow, see Figure(35).
The same param eters and graphs, F igures(36 ,37 ,38 ,39  and 
40), were used to compare the predictions of the two program s 
at A ltitude of 47,000ft. and M ach=0.92. Again there w ere no 
significant differences between the two program s.
Because of the exact agreement of the predictions of the two 
programs it was decided to use in the subsequent study only the 
FFCSP and discontinue the investigation of program FFSCCH.
2.7 THE AFSPOF PROGRAM
Initially this new computer model was devised to allow  for a 
variation of the Factor of Split(FCSP) but applied only to the 
Outer Fan.
A guessed core air mass flow rate was used at the start of the 
program  and during the first calculation through the O uter Fan, 
the by-pass air mass flow rate was sim ply regarded as being 
three times the core one(3 to 1 by-pass ratio). W hen the Final 
Nozzle test is reached then the Total air mass flow  rate  was 
revised and also a new Factor of Split(initially equal to 1.0) was 
calculated according to the values of the Total(revised) and the
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core air mass flow at that instant. Then the new values of Total 
air flow and Factor of Split were now fed into the calculations of 
the Outer Fan in order to evaluate a new by-pass air mass flow 
rate. The sam e process was repeated  un til convergence was 
achieved in the Final Nozzle Test. In this way the variation of the 
FCSP did not re-evaluate directly the core flow.
Although a movement of the FCSP imposes that a part of one 
of the two flows (core or by-pass) is fed into the other one, in 
this program, the non re-evaluation of the core flow by the FCSP, 
leads to the thought that a part of the Total air mass flow rate 
into the engine is used twice. For exam ple, if  the FCSP at an 
instant is less than 1.0, say 0.8, then the part of the core flow 
that is fed into the by-pass duct would be equal to:
(1-0.8) x (CORE FLOW)
Before the Final N ozzle test is reached, the core flow  is 
read justed  to m eet the flow  cap ac ities  o f the subsequen t 
com ponents, particu larly  the H.P. com pressor. H ence it  seems 
that the part of the core flow that is supposed to be fed into the 
by-pass duct;
(1-0.8) x (CORE FLOW) 
or (1-0.8) x (0.25) x (TOTAL FLOW) 
is used once in the by-pass and once in the core flow calculations 
plus or minus the revised amount of core flow necessary to meet 
the demand of the subsequent com ponents. In order to account 
for this potential error it was decided, once the Final Nozzle Test 
was reached, not to use the FCSP to readjust the by-pass air 
mass flow. Instead, the revised Total air mass flow rate was fed 
back into the Outer Fan calculations and a new by-pass air mass
80
flow rate was evaluated by subtracting from the (revised) Total 
air mass flow, the core one at that instant. It was thus possible to 
allow for an interchange of flow by readjusting directly only the 
by-pass air mass flow rate. Since this new com puter m odel 
derived from the initial concept of A djusting the Factor of S P lit
for the 0_uter F an  only, it was labelled AFSPOF and a block
diagram of its logic is shown in Figure(4A).
This program, similarly to the FFSCCH one, considers the Inner
Fan and I.P. com pressor characteristics com bined. The same 
method that was used in the FFSCCH program  to com bine read 
and use the combined characteristics, was also em ployed in this 
new model.
A new problem  appeared in the use of this new program  
when transients were perform ed at the highest ro ta tional shaft 
speeds. As it can be seen from the Outer Fan characteristics, see 
Figure(9), at the higher non-dim ensional speeds, a large range of 
the constant speed lines is vertical. In the in terpo la tion  used 
during the Outer Fan calculations, the non-dim ensional air mass 
flow rate is used as an input in order to calculate the pressure
ra tio , k now ing  the  n o n -d im e n s io n a l speed . S in c e  the
charac teristic  lines are vertica l, or alm ost v e rtica l, at that 
p a rticu la r region m entioned earlie r, the com puter cou ld  not
p erfo rm  the in te rp o la tio n  fo r obvious reasons. H ence  an
"Alternative Logic" was employed to overcome this difficulty.
In case of the L.P. shaft's non-dim ensional speed being at the 
highest range attainable, then the program  is forced to execute a 
linear interpolation that uses the pressure ratio of the O uter Fan 
as an input and calculates a value for the non-dim ensional air 
mass flow rate. In the event of the program  having to use the
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Alternative Logic during its very first calculation (i.e. starting a 
deceleration from the higher attainable ro tational shaft speeds), 
then a guessed value for the Outer Fan pressure ratio  is used. 
This first guessed value is later revised according to the Final 
N ozzle test. At the latter, the A lternative L ogic rev ises the 
pressure ra tio  of the O uter Fan (e ither guessed or already 
calculated). Also calculates the new Total air mass flow  rate 
according to the by-pass air mass flow rate used in the previous 
cycle of calculations. The new Outer Fan pressure ratio and Total 
air mass flow rate are fed in the O uter Fan calculations. The 
process is repeated until convergence is achieved in the Final 
Nozzle test.
This A lternative Logic was found to be necessary in all the 
other program s, except the AFCSP program , and was therefore 
in co rp o ra te d .
The new m odelling of the Fan gave results which were very 
close to the results of the other program s developed in this 
research. The results of all the program s are com pared in the 
next chapter.
2.8 THE STACK FAN PROGRAMS
The allow ance of flow interchange betw een the Inner and 
Outer Fan was achieved, until now, by directly altering the air 
mass flow rate  of both or one of the two sections o f the 
Fan(Inner or Outer).
As a f irs t  step , th is was ach ieved  by using  d iv ided  
characteristics for the Inner and Outer Fan sections. Further the
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Factor of Split was introduced to allow for air flow interchange 
between the two sections.
The new Fan treatm ent em ployed in this m odel, uses again 
separate characteristics but there is no "direct" allowance for air 
flow interchange such as the one im posed by the use of the 
Factor of Split concept.
In this new approach the characteristics of each of the two 
sections are subdiv ided  in to  the equ iva len t c h a ra c te ris tic s  
corresponding to a range of pressure ratios (expressed as Beta 
values) of the other Fan section. There is therefore an "indirect" 
allowance for flow interchange.
In a ll the p rev io u s co m p u te r m odels d e sc rib e d , the  
characteristics of the Inner and O uter Fan included the non- 
dim ensional mass flow rate and speed as well as the isentropic 
Efficiency and Beta values, see Figure(5). Now the characteristics 
are tabulated as follows.
For the Inner Fan there are thirteen non-dim ensional speed 
lines w ith fourteen points on each line corresponding to the 
fourteen Beta values. For each poin t the non-dim ensional m ass 
flow  ra te  and pressure  ra tio  as w ell as the tem p era tu re  
d ifference ratio , instead of the isen tropic effic iency , is also 
tabulated. This set of values corresponds to one particu lar B eta 
value of the Outer Fan. The Inner Fan characteristics include five 
different sets of characteristics which correspond to five from  
the thirteen Outer Fan Beta values.
The O uter Fan characteristics are tabulated  in a sim ilar 
m anner, the only difference being that there are th irteen O uter 
Fan B eta  values and also there  are only four  se ts o f
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characteristics corresponding to four from  the fourteen Inner 
Fan Beta values.
In order to show the different set up of Fan characteristics 
representation, the two different tabulation m ethods are shown 
in two schematic diagrams in Figures (5 & 41). Figure(41) shows 
the Inner Fan characteristics tabulation for three of the five 
Outer Fan Beta values. These are b=13,9,6. For the rem aining two 
the tabulation m ethod is exactly the same.
The characteristics of the Inner and Outer Fan, as used in the 
new computer models, are shown in Figures (42.and 43). Each of 
the figures shows the characteristics corresponding to one only 
Beta value of the other section of the Fan, since little  visual 
difference existed for the corresponding characteristics of the 
other Beta values for both sections of the Fan.
For all the previously described program s, (AFCSP, FFCSP, 
AFSPOF), the procedure of Inner Fan calculations, used the non- 
d im ensional air m ass flow  rate  and speed as w ell as the 
characteristics to evaluate the pressure ratio  correct Beta value 
and isentropic Efficiency and hence the outlet tem perature T 24.
In the new model the procedure uses as inputs, either known 
or guessed, the non-dim ensional mass flow rate and speed as 
well as a Beta value of the Outer Fan. This w ill enable as to 
which of the five sets of characteristics of the Inner Fan to be 
used . U sing  a th ree  d im en sio n a l in te rp o la tio n  on the 
characteristics, the Pressure ratio, Inner Fan Beta value and the 
Tem perature difference ratio are evaluated. The sam e procedure 
is followed for the Outer Fan calculations.
In this new Fan treatment an interchange of flow betw een the 
two sections of the Fan is allowed by using d ifferen t set of
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characteristics and hence different air mass flow rate depending 
on the operating conditions of the other section, i.e. the Beta 
value of the Outer Fan will im pose at any tim e the operating 
point of the Inner and vice versa.
The Block diagram of the new com puter model is shown in
Figure(44). The procedure can now be followed.
The known param eters at the beginning of the program  are
the shaft speeds and the flight conditions, which, as explained
earlier, allow for the calculations of :
An initially guessed core air mass flow rate together w ith the 
known param eters enables to calculate the non-dim ensional air 
mass flow rate. Also a guessed Outer Fan Beta value is assum ed 
at this stage to be equal to 5.0 and in addition a guessed O uter 
Fan pressure ratio equal to 1.5.
These param eters, known and guessed, together w ith the new 
form of Inner Fan characteristics are adequate to com plete this 
section's calculations and determ ine the outlet param eters w hich 
are the inlet for the next component. The rest of the core engine 
com ponents calcu lations rem ain  unchanged, as ex p la in ed  in 
detail in Appendix(B).
The new m ethod now involves changes in the O uter Fan  
calculations. The air mass flow rate into the Outer fan is in itially  
set to be three times the core mass flow rate. The Beta value of 
the Inner Fan, w hich w as ev a lu a ted  during  the  la t te r 's  
calculations, is now used to im pose the exact set of O uter fan
N
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characteristics to be used in the three dim ensional interpolation. 
From the interpolation, the Pressure ratio, exact O uter Fan Beta 
value and Tem perature difference ratio are evaluated and hence 
the outlet tem perature from this component is calculated.
The new Fan trea tm en t involves changes in the actual 
m echanism  of m aking the com puter m odel to converge. The 
results of the calculation of the core and of the by-pass sections 
of the engine enter the M ixer, as can be seen in the Block 
diagram of the program  in Figure(44). If the test ju s t after the 
M ixer, between the air and gas pressures, is passed, then the 
Final nozzle test has to be performed. If the requirem ents of the 
latter do not meet then the air mass flow rate into the Outer Fan 
is rev ised  and the w hole p ro ced u re  is re p e a te d  u n til 
convergence is achieved at the Final Nozzle test. This was the 
final part of all the previous computer models.
Once the Final nozzle test has passed then, at this stage, all the 
conditions are m et except that the Beta value that em erged from 
the last calculations of the Outer Fan differs from  the one that 
was initially used as input into the Inner Fan calculations. Hence 
a new test had to be added after the Final Nozzle one in order to 
revise the Outer Fan's Beta value until there is an agreem ent 
between the value used as input into the Inner Fan and the one 
that emerged from the Outer Fan calculations. It is evident that 
once the Outer Fan Beta value has been changed accordingly and 
fed into the Inner Fan, a new Beta value for the Inner Fan will 
emerge from the latter's calculations, which in turn is fed as an 
input into the Outer Fan. This forces the program  to execute all 
the com ponents calculations several tim es until convergence is 
achieved which obviously affects the com puter running tim e of
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the program , a problem which is discussed later.
This computer model was named STKFAN from the S T acK in g  
of the F A N  concept. It was now thought to use this new concept
of representing the Fan, to devise another com puter m odel that
would not allow  any in terchange of flow  betw een the two 
sections o f the Fan but w ould s till use the sam e Fan 
characteristics representation. This was easily  achieved by not 
a llow ing  the B eta value of the Inner Fan to a lte r  the
characteristics of the Outer. The Inner Fan Beta value that was
fed into the Outer Fan calculations was always kept constant and 
equal to 5.0. The same im plied for the Inner Fan calculations. 
This new model had the . same effect as of the Fixed Factor of 
Split (FFCSP) program. The name that was given to this com puter 
model was STFFIX.
The A lternative Logic that was firstly  in troduced in to  the
AFSPOF program  was also used in both the new program s. 
A nother three dim ensional in terpo lation  had to be devised in 
order to be able to use as inputs the non-dim ensional speed and 
the Pressure ratio of the Outer Fan and give as outputs the non-
d im ensional air mass flow  ra te , exact B eta value o f the
com ponent as well as the tem perature difference ratio.
Both program s were tested fo r re liab ility  and accuracy of
results and their predictions are used in Chapter I I I .
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CHAPTER TTT
COMPARISON BETWEEN THE COMPUTER MODELS
3.1 INTRODUCTION
In the previous chapter, the d ifferen t Fan treatm ents and
flow distributions before and after the Fan of a typical Turbofan
engine, were outlined together with the com putational m odels 
that originated from  them.
In order for a sim ulation m odel to be successfu l it m ust 
predict results that, w ithin an acceptable error, are very close to 
the behaviour of the real engine.
In order for this to be achieved, certain rea l engine effects 
have to be incorporated into the computational m odel. These real 
engine effects are:-
(i) specific heat capacity of air/gas as a function of 
te m p e ra tu re
(ii) specific heat capacity of air/gas as a function of
tem perature and fuel to air ratio
(iii) heat transfer effects(see Chapter I)
(iv) lag during transients in the response of the fuel 
sy s te m .
In the p rev ious chap ter seven com putational m odels w ere 
described, each using a different Fan representation.
Since it is of in terest in the present research to develop the 
com pu ta tional m odel tha t w ould best s im u la te  a ty p ica l 
T urbofan engine, the above m entioned effects have  to be
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included in the computational m odels and then they have to be 
com pared against the test results of a typical Turbofan engine. 
Each of the program s, if it included all the real engine effects 
m entioned above, would require considerable com puting time. It 
was therefore decided to make the in itia l com parison among 
these seven Fan procedure program s by using sim pler versions 
which incorporate only one of the real engine effects- effect(i) 
above, i.e specific heat of air/gas as a function of tem perature 
but independent of composition. The first of these com parisons 
have a lready been described  in the prev ious chap ter. The 
program s contrasted were the A FC SP(A djusting the F actor of 
Split-section 2.3) against 'A FSPSH (A djusting the Factor of Split 
a llow ing  fo r Shear fo rces e ffe c t-se c tio n  2 .5 .1 ), and the 
F F C S P (F ix ed  F ac to r of S p lit-s e c tio n  2 .6 .1 ) a g a in s t the  
FF SC C H (Fixed  F ac to r of S p lit considering  a lso  com bined  
characteristics of Inner Fan and I.P. com pressor-section 2.6.2).
In this chapter the rem aining com putational m odels w ere 
used to p red ic t both the Steady running  and the T ransien t 
results under two flight conditions:
(i). Sea Level, M ach=0.2
(ii). Altitude of 43,000ft., M ach=0.8 
The programs used are the:
1. AFCSP=Adjusting the FaC tor of SPlit
2. FFCSP=Fixed EaCtor of SPlit
3. AFSPOF=Adjusting the Factor of SPlit for the O u te r 
Fan only
4. STFFIX=STack Fan concept with the effect of the 
F IX ed Factor of Split
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5.STKFAN=SJacK FAN concept
From the predicted results, several param eters w ere used to 
p lot the W orking lines and the Trajectories as well as several 
o th er p a ra m e te rs  in  o rd er to  o u tlin e  any s ig n if ic a n t 
discrepancies betw een the com putational models.
The com puting running time, that each com putational model 
needed to execute and produce the relevant resu lts , was also 
recorded and used in the current comparison. The results of the 
com parison of the different computing running tim es are given 
in section 3.6 of this chapter together with inform ation about the 
com puter used during the current research(section 3.6.1).
The numbering and labelling of the program s given above is 
also used in all the graphs that p resen t the resu lts  of the 
com parison. In these graphs, all five program s are alw ays 
represented with the same marks.
Note on Units used: In many of the graphs the pressure ratio 
of the component under investigation was plotted against a base 
line of the non-dim ensional mass flow rate  of the particu lar 
component. The units used are
lb / s e c t/ k  
lb f / in2
3.2 INNER FAN PLUS I.P. COMPRESSOR
From the predictions obtained, the pressure ratio  ^ 2 6 ^ 1  w a s  
plotted against the non-dim ensional mass flow rate  through the 
Core of the engine. It was thought to consider in the com parison, 
the Inner Fan com bined with the I.P. com pressor because the
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program  AFSPOF does not predict separate results for the above 
m entioned sections of the engine(See section 2.7).
In Figure(45) the Sea level steady-running working lines are 
shown for all five com putational m odels. The four program s; 
AFCSP, AFSPOF, STFFIX, STKFAN, predicted Inner Fan working 
lines that alm ost coincide. The FFCSP program  shows a steady- 
running line that is slightly lifted tow ards the surge line. The 
difference is of the order of 0.03%.
In Figure(46) the Sea level acceleration trajectories show no 
difference between the predictions of the program s. There is also 
no sign ifican t d ifference betw een the acceleration  tra jectories 
and the steady-running lines for all five program s. The steady- 
running lines of all the com putational models were represented 
by the working line predicted by the AFCSP program, because no 
significant discrepancy existed betw een them.
Differences appeared at the start of the Sea level deceleration. 
In F igures(47& 47A ), the deceleration  trajec to ries o f all five 
program s are show n together w ith the steady-runn ing  line  
represented by the AFCSP program 's one. F igure(47A ) is the 
enlargem ent of the "window" shown in F igure(47). This was 
frequen tly  used in the current com parison  to assist in the 
observation  and calcu lation  of the d ifferences betw een  the 
predictions of the different models. At the value 110 of the non- 
dim ensional air mass flow rate, all five program s were com pared 
for different pressure ratio values betw een the deceleration and 
steady-running resu lts of each program , as w ell as for the 
percentage difference between them .
The fo llow ing  Table shows the d ifferences betw een the 
program s during the start of the Sea level dece lera tion  at
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M ach=0.2.
(  110
S teady
Running
P / P26 1
Deceleration
P I P26 1
Difference %
D if fe re n c eV p '  COFE
1. AFCSP 2.22 2.51 0 .29 13.06%
2.FFCSP 2.25 2 .54 0 .3 2 14.2%
3. AFSPOF 2.22 2 .5 7 0 .35 15.76%
4.STFFTX 2.22 2 .50 0 .28 12.6%
5. STKFAN 2.22 2 .48 0 .25 11.7%
Table (3.2.1)
The table above shows that the differences of the program s
are not significant. Program s 4 and 5(Stack Fan concept) give 
virtually the same predictions and the least departure from  the 
Steady running line. AFCSP program  shows a large decrease, 
(32%), in non-dim ensional air mass flow rate at the very first
part of the deceleration, against a 10% decrease in the pressure 
ratio. The movement of its trajectory towards the surge line is of 
the order of 13%, which is slightly higher than the Stack Fan 
programs but less than program s 2 and 3. These two appear to 
have a shifted deceleration  trajec to ry  by 14.2% and 15.8% 
re sp ec tiv e ly .
At this stage of the comparison, it is very early to draw  any 
c o n c lu sio n s , and the d isc u ss io n  ca rried  out is p u re ly  
observational. Final conclusions w ill be decided later after the 
discussion of all the results predicted from the five program s.
The Altitude predictions of the Inner Fan did not show any
significant differences and hence no effort was m ade to p lo t
these results.
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3.3 OUTER FAN
The pressure ratio P ^ /P j  of the Outer Fan was plotted against 
the non-dim ensional air mass flow rate through the Outer Fan in 
order to create  the w orking lines and tra jec to ries  of this 
component of the engine.
For the Outer Fan both the Sea Level and the Altitude results 
showed differences among the predictions of the five m odels and 
were used to p lo t several graphs that are described in this 
paragraph.
The predicted working lines at Sea Level and M ach=0.2, are 
shown in Figure(48). The results of all five program s show no 
descrepancies and hence the FFCSP program 's steady-running 
line was used to represent the w orking lines of all the other 
m odels in Figures(49,50& 50A).
The acceleration trajectories at Sea Level and M ach=0.2, are 
shown in Figure(49) for all the models and also a steady-running 
line is also included and represented by the FFCSP program 's 
one, as m entioned above.
The results show no significant discrepancies existing among 
the p red ic tions of the program s and also a consistency  in 
deviation from  the steady-running line.
The A ltitude acceleration predictions showed sim ilar results 
to the Sea level ones and hence there was no need to be 
g raphically  represented .
Significant discrepancies appear during the first second of the 
Sea Level deceleration predictions of the five program s, shown 
in Figure(50) The differences that occur at the beginning of the
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tra n s ie n t are h ig h lig h ted  in the "w indow " a p p ea rin g  in 
F igu re (50 ), w hich is en larged  and shown in F igu re(50A ). 
Program s 1 and 3, which allow  for an in terchange of flow 
betw een the two sections of the Fan, showed sim ilar results. 
Although it is a deceleration, both programs (1 and 3), show, for 
the very first part of the transient, an increasing Outer Fan non- 
dim ensional air mass flow rate with decreasing p ressure  ratio. 
This is a direct effect of the Factor of Split concept which has 
been explained in more detail in section 2.4.
At the start of the deceleration the FCSP decreases rapidly in 
order to reduce the amount of air flow through the core of the 
engine. Hence a large am ount of air is diverted tow ards the 
Outer Fan which explains why at the start of the transient the air 
mass flow rate through the Outer Fan is predicted to increase 
instead of decreasing.
An entirely opposite prediction, as shown in F igures(50  and 
50A), is the deceleration trajectory  predicted from  the FFCSP 
program  (which does not allow for interchange of flow  betw een 
the Inner and O uter sections of the Fan). The dece lera tion  
trajectory of the FFCSP model shows a smooth rate of decrease of 
the pressure ratio with the non-dim ensional air mass flow  rate.
Programs 4 and 5 (Stack Fan concept), show results that lie in 
between the two extreme cases of the FFCSP and of the AFCSP. 
The STFFIX program, following a Fixed Factor of Split concept, 
predicts results that are closer to the FFCSP ones, w hile  the 
STKFAN program shows results that are closer to the AFCSP and 
AFSPOF ones.
Their differences are shown more clearly in the Table (3.3.1) 
below :
p
— =1.6
P
1
S t e a d y  R u n n i n g
(  m / P )
^  p  '  OUTER
D e c e l e r a t i o n
(  m / f )
^  p  '  OUTER
D i f f e r e n c e
%
D i f f e r e n c e
1. AFCSP 3 5 6 .9 378 .1 2 1 .2 5.94%
2. FFCSP 3 5 6 .9 3 6 5 .9 9 .0 2.52%
3. AFSPOF 3 5 6 .9 3 7 8 .0 21.1 5.91%
4. STFFIX 3 5 6 .9 3 6 4 .2 7 .3 2.04%
5. STKFAN 3 5 6 .9 3 6 7 .7 10.8 3.02%
Table(3.3.1)
At P ^ /P j  equal to 1.6, the corresponding non-dim ensional air 
mass flow rate value for the steady-running results is 356.9 for 
all five program s.
During the first part 6f the deceleration, program s 1 and 3 
show a deviation of their predicted trajectory from  the steady- 
running line of approximately 6%, against a 2.5% of the FFCSP, a 
2% of the STFFIX and a 3% of the STKFAN program.
It appears that both AFCSP and A FSPO F m odels over 
accounted the allowance of flow interchange betw een the Inner 
and Outer sections of the Fan, resulting thus in the increase, 
instead of decrease, of the non-dim ensional air mass flow rate 
through the O uter Fan during the very f irs t p a rt o f the 
d ece le ra tio n .
In between the two extreme cases lie the results of the Stack 
Fan concept program s. STFFIX program  shows a m ore realistic  
trajectory but appearing to lie very close to the steady-running 
at the start of the deceleration. It then shows a rapid decrease to 
lower values than the ones predicted by the FFCSP program  and 
finally  converges tow ards the tra jec to ries  of all the o ther 
com puter program s.
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The deceleration trajectory predicted by the STKFAN program  
appears to be the more realistic one, showing the rapid decrease 
in pressure ratio with a small decrease in air mass flow rate that 
would be expected during that first part of the deceleration. This 
is a d irect effect of the allow ance of air flow  in terchange 
between the two sections of the Fan but with no over accounting 
of the latter effect. After the first part of the deceleration the air 
m ass flow  rate starts to decrease in a sim ilar ra te  as the 
pressure ratio , resulting in the trajectory  shown in F igures(50 
and 50A), which later in the transien t it coincides w ith the 
trajectories of the other com putational models. Hence it appears 
that the STKFAN program  predicted realistic results by allowing 
flow  interchange betw een the Inner and the O uter Fan but 
avoiding over prediction problem s such as those encountered by 
the AFCSP and AFSPOF programs.
The working lines and deceleration  tra jectories w ere also 
plotted for the Altitude flight condition in order to observe how 
the h igher altitude and fligh t M ach num ber w ill a ffec t the 
differences that were observed in Figures(50 and 50A).
As it can be seen from  Figure(51), the first e ffect on the 
increase of Altitude and flight Mach number is that the working 
lines of all five program s are moved away from the Sea level 
ones in a direction opposite to the surge line(low er p ressure  
ratio) by an average of 6.7%.
The predicted steady-running line of the FFCSP program  has 
the least deviation from  the Sea level one. A ll the o ther 
com putational m odels p red ic ted  w orking lines that are very  
close to each other apart from the region of the higher fuel flow
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rates w here sign ifican t d iscrepancies occur betw een all the 
program s. This region is outlined in the "window" shown in 
F igure(51) which is also enlarged and shown in Figure(51A ). 
Once again the AFCSP and AFSPOF predictions are very close and 
also the most deviated away from the Sea level ones. The STFFIX 
program  shows a critical deviation of its steady-running line at 
the highest fuel flow rates, which crosses the FFCSP working line 
predicting thus results that are even closer to the Sea level ones. 
Apart from that particular region, the predicted working line by 
the STFFIX program , lies very close to the ones predicted from 
the programs AFCSP, AFSPOF and STKFAN.
As a result of the deviations of the steady-running lines, the 
A ltitude deceleration trajectories of all five program s showed 
sim ilar deviations, Figure(58). The results of the transien t are 
consistent with the Sea level ones with only exception the cross 
over of the STFFIX program 's trajectory  tow ards the steady- 
running line at the start of the deceleration. This was expected 
because of the sim ilar prediction of its A ltitude steady-running 
line.
The d ifferences betw een the steady-running  and transien t 
predictions of all the five programs are given in the Table(3.3.2) 
below w here for the pressure ratio equal to 1.5 the d ifferent 
non-dim ensional air mass flow rates are noted together w ith 
their percentage difference.
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A ltitude Results
p
13 = 1.5 
P 1
S t e a d y  R u n n i n g
(  m J r')
D e c e l e r a t i o n
( m J r ' )
^  p  '  OUTER
D i f f e r e n c e
%
D i f f e r e n c e'  p  '  OUTER
1. AFCSP 365 .8 3 7 9 .0 13 .2 3.6%
2. FFCSP 359 .6 3 6 6 .5 6.9 1.92%
3. AFSPOF 364 .9 3 8 0 .0 15.1 4.14%
4. STFFIX 360 .7 3 6 4 .0 3.3 0.91%
5. STKFAN 363 .5 3 6 8 .0 4.5 1.24%
Table(3.3.2)
The least transien t tra jec to ry  dev ia tion  from  the steady- 
running line was predicted by the STFFIX program  follow ing the 
m ovem ent of its working* line towards the sea level results. At 
the start of the deceleration, the results of this program  could be 
regarded  as unrealistic , firstly  due to the above m entioned  
reason and secondly because the deceleration trajectory  appears 
to be very close to the steady-running line both at the Sea level
and at the Altitude flight conditions but only for the very first
part of the transien t. L ater in  the transien t, the tra jec to ry  
p red ic ted , converges tow ards the ones p red ic ted  by the 
programs AFCSP, AFSPOF and STKFAN. As it would be expected 
the FFCSP program  predicted  resu lts that are c loser to the 
STFFIX ones than to any of the others computational m odels.
The A ltitude working line shows though the opposite effect 
from  the one predicted by the STFFIX program . At the h igher 
fuel flow rates the predictions of the program  are closer to the 
STKFAN ones, as it can be seen in Figures(51 and 51 A), but the
rest of the working line is alleviated towards the Sea level one.
As a resu lt the deceleration trajectory  follow ed a sim ilar path
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showing a d ifference of approxim ately 1.92% from  its working 
line.
It could be concluded from the already obtained results that 
both FFCSP and STFFIX programs show results that cannot be 
considered  re a lis tic  enough due to the above m entioned  
predicted behaviour of their A ltitude working lines as well as 
because of the predicted deceleration trajectories, both at Sea 
level and Altitude.
On the other hand the opposite exists with the predictions 
obtained from  the AFCSP and AFSPOF com putational m odels, 
which due to the over accounting of the flow  in terchange 
allow ance, show an increasing non-dim ensional air m ass flow 
rate during the very first part of the deceleration during both 
the Sea level and A ltitude flight conditions. A part from  the 
above m entioned unrealistic  part, w hich can be observed in 
more detail in Figure(51A), both program s show results that are 
very close to the rest of the computational models.
Finally, from the investigation that was carried out so far, the 
STKFAN program  shows results that one would expect to lie 
closer to the results of a real Turbofan engine during both flight 
conditions, but this is still to be proved in the process of the 
current investigation .
So far the m ost im portant results w ere obtained from  the 
deceleration trajectories of the Outer fan where the plotting of 
the P 13/P! versus the non-dim ensional m ass flow  rate  showed 
significant discrepancies among the predictions o f the d ifferent 
computational models both at Sea level and Altitude.
Some test data, including values of pressures at stations 1 and
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13(see Figure4) became available on the transient behaviour of a 
real Turbofan engine. However, the data did not include values 
of air flows due to understandable experim ental difficulties. The 
results did include values of shaft speeds and therefore it was
anticipated that plotting the O uter Fan pressure r a t i o ^ ^ / P } )
against the non-dim ensional speed of the L.P. shaft could be a 
valuable test of the validity of the alternative Fan models. Hence 
the predictions of the Outer Fan pressure ratio, illustrated above, 
have also been p lo tted  to a base o f the L .P. shaft non-
dim ensional speed.
The Sea level steady-runn ing  p red ic tions are show n in 
Figures(52 &52A). No significant discrepancy exists am ong the 
p red ictions of all five program s w ith exception the steady- 
running results obtained from the FFCSP program  w hich show 
low er pressure ratio  operating poin ts, the difference from  the 
other com putational models being of the order of 1.3%. The 
above mentioned difference can be seen in Figure(52A) which is 
an enlargem ent of the "window” shown in Figure(52).
The Sea level deceleration results are plotted and shown in 
F igures(53& 53A ). Since the steady-running results of all five
program s are very  c lose, they  w ere rep re sen ted  in the 
deceleration comparison by the resu lts of the AFCSP program . 
The predictions of the program s show significant d iscrepancies 
for the very first part of the deceleration (first second). The 
"window" of Figure(53) includes the predictions of the first part 
of the deceleration and its enlargem ent is shown in Figure(53A ). 
The d iffe ren t O uter Fan p ressu re  ra tio s  p red ic ted  by all 
program s at steady-running and deceleration  are com pared  at 
the same L.P. shaft non-dim ensional speed of 420. The results
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and their comparison are outlined in the following Table(3.3.3):
SEA LEVEL
N
L =420
V *1
Steady  
Running 
P /P13 1
Deceleration
P / P13 1
Difference %
D if fer e n ce
1. AFCSP 1.555 1 .536 0 .0 1 9 1.2%
2.FFCSP 1.534 1 .488 0 .0 4 6 3.0%
3. AFSPOF 1 .555 1 .536 0 .0 1 9 1.2%
4.STFFIX 1 .560 1 .506 0 .0 5 4 3.5%
5. STKFAN 1.560 1 .520 0 .0 4 2.5%
TABLE(3.3.3)
The predictions of the AFCSP and AFSPOF show once again 
sim ilar resu lts having the least dev iation  from  the steady- 
running ones by 1.2%, as shown in the Table(3.3.3) above. The 
FFC SP tran s ie n t p red ic tio n , fo llow ing  the s tead y -ru n n in g  
deviation of 1.3%, lie the most away from  the steady-running 
line(represented in Figure53A ), but having an actual d ifference 
of the order of 3.0%. The STFFIX and STKFAN predictions are, as 
expected, in between the predictions of the other program s. The 
STFFIX results showed the biggest deviation of 3.5%  and are 
closer to the deceleration results of the FFCSP program , while the 
STKFAN transient prediction showed a deviation of 2.5% and are 
closer to the AFCSP program 's results. As it can be seen from 
Figure(53A ), the FFCSP program  shows a com paratively  rapid 
drop in pressure ratio at the start of the deceleration, w hich is 
due to the equally rapid decrease of the air mass flow rate and 
of the shaft speed. On the other hand the p red ictions of the 
programs AFCSP and AFSPOF show the opposite effect. This was 
once again a direct effect of the allowance of flow interchange
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between the two sections of the Fan. A more linear and steady 
pressure ratio drop was predicted by the STFFIX and STKFAN 
m odels. A part from  the firs t part of the dece leration , the 
p redictions of all five program s converge to a com m on line 
which is also very close to the steady-running results.
The A ltitude predictions were also used to p lo t the same 
graphs as before for both the steady-running and deceleration 
resu lts fo r all five program s. F igure(54) shows the steady- 
runn ing  resu lts  p red ic ted  by the com pu ta tional m odels at 
43 ,000ft. and M ach=0.8. A ll the steady-running  resu lts  are 
shifted away from the sea level ones in a direction of a low er 
pressure ratio. At the same non-dim ensional speed of 420, which 
was also used for the Sea level comparison, the A ltitude steady- 
running results show an average deviation of the order of 6%. 
The follow ing table shows the effect of A ltitude change in the 
steady-running results as a percentage difference betw een the 
Sea level and Altitude steady-running predictions.
Steady  Running
N
—j k ==420
Sea
L evel
P / P
1 3 1
4 3 ,0 0 0 ft. 
P /P13 1
Difference %
D iffe re n ce
1. AFCSP 1 .555 1 .4 9 4 0 .061 3.9%
2.FFCSP 1.534 1 .4 2 0 0 .1 1 4 7.4%
3. AFSPOF 1.555 1 .4 9 4 0 .061 3.9%
4.STFFIX 1.560 1 .445 0 .1 1 5 7.4%
5. STKFAN 1.560 1 .4 6 0 0.1 6.4%
Table(3.3.4)
As it can be seen from  T ab le(3 .3 .4 ), the steady-runn ing  
results of the AFCSP and AFSPOF show the least deviation for the
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two flight conditions, while the FFCSP and STFFIX program s, 
which use an opposite Fan treatm ent, show the biggest deviation 
in steady-running resu lts . The STKFAN program  show ed a 
deviation of 6.4% predicting thus results that lie  in betw een 
those predicted by the two opposite Fan treatm ents but being 
slightly closer to the FFCSP and STFFIX programs results.
The steady-running results were now used to com pare the 
actual deviation predicted during a deceleration at 43,000ft. and 
M ach=0.8 . The tran s ie n t resu lts  p red ic ted  from  the five  
programs are shown in Figure(55), where the Outer Fan pressure 
ratio is plotted against the non-dimensional L.P. shaft speed.
The A ltitude deceleration results show large differences from 
the Sea level ones. Once again the two program s, AFCSP and 
AFSPOF, show sim ilar results. For the first part of the transient 
the STFFIX predictions are closer to the FFCSP ones but later in 
the process of the transient the results converge tow ards those 
predicted by the STKFAN program. It is again the case of the two 
opposite Fan treatm ents o f the AFCSP,AFSPOF and FFCSP that 
predict the extrem e results and the Stack Fan concept program s 
which give resu lts that lie  in betw een the above m entioned 
program s. The exact deviation of the deceleration resu lts from  
the steady-running ones is shown in the Table(3.3.5) below. The 
results that are shown in the table confirm  the above m entioned 
comparison. It can also be seen from Figures(54 and 55) that the 
transient results of all five com putational m odels fo llow  the 
paths and deviations im posed by their steady-running results.
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4 3 .0 0 0 f t .
N
... .. /ion
Steady
Running
P / P1 3 1
Deceleration 
P IP
1 3 1
Difference %
D if feren ce
.__ — L. u
1. AFCSP 1.494 1 .460 0 .0 3 4 2.27%
2.FFCSP 1.420 1 .360 0 .0 6 0 4.2%
3. AFSPOF 1.494 1 .460 0 .0 3 4 2.27%
4. STFFIX 1.445 1 .389 0 .0 5 6 3.9%
5.STKFAN 1.460 1 .416 0 .0 4 4 3.0%
Table(3.3.5)
The same param eters of the Outer fan were used to compare 
the acceleration predictions of the five com putational models.
The acceleration predictions of all five program s, for the Sea 
level flight condition, did not show any significant discrepancies. 
T h is w as expec ted  since the co rre sp o n d in g  a cc e le ra tio n  
tra jec to rie s(o f pressure  ratio  versus the non-d im ensional air 
mass flow rate) had not show any im portant deviations between 
the pred ictions of the program s. The Sea level acceleration  
results are shown in F igures(56& 56A ). For this transient, all 
program s predicted sim ilar results that are very close to the 
steady-running  ones.
As it was shown earlier, the program s predicted  d ifferen t 
steady-running results for the A ltitude fligh t condition. As a 
resu lt the A ltitude acceleration resu lts  of all five program s 
showed consistent deviations w ith their A ltitude steady-running 
ones. Hence the deviations that appear in Figures(57& 57A) are a 
direct effect of the individual steady-running prediction and not 
of any significance.
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Due to the im portant discrepancies that had been observed in 
the Outer Fan deceleration trajectories, shown in Figures (58,50
and 50A), it was decided to investigate also the change of the
Outer Fan's air mass flow  rate and pressure ratio  w ith Time 
during the A ltitude deceleration.
The O uter Fan's non-dim ensional air mass flow  rate  was
p lo tted  ag a in st the  T im e fo r the  4 3 ,0 0 0 ft., M ach = 0 .8 ,
deceleration. It is possible in this graph, F igure(59), to observe 
the direct effect of the different Fan treatm ents on the Outer 
Fan's change in air mass flow rate. The two programs AFCSP and 
AFSPOF show the increase of air flow through the O uter Fan 
during the first part of the transien t. This was d iscussed
extensively earlier in this chapter. The FFCSP program  shows a 
constant drop of air mass flow rate from the beginning of the 
transient but it predicts a much lower operating air m ass flow 
rate than all the other program s by approxim ately 3%. The start 
of the deceleration predicted by the STKFAN program  appears 
the most reasonable one, showing a very small decrease at the 
beginning of the transient, due to the interchange of flow , and 
once the LP shaft is able to decelerate, the air m ass flow  rate 
starts to decrease rapidly. The STFFIX program  shows also very
reasonable results which for the very first part of the transient
could be classified as the interm ediate predictions betw een the
STKFAN and FFCSP program s. L ater in the tra n s ie n t the 
predictions of the STFFIX program deviate away from the FFCSP 
ones and converge tow ards the predictions of the res t o f the
com putational m odels.
It was expected that during a deceleration at the sam e flight 
conditions, the Outer Fan's pressure ratio rate of decrease would
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show differences betw een the predictions of the com putational 
m odels, but only fo r the very first part of the transien t. 
F igure(60) shows the p redictions of the O uter F an ’s pressure 
ratio  drop with Tim e for the first second of the 43 ,000ft., 
M ach=0.8 deceleration. As it can be seen from  the graph, the 
deviations between the predictions of the program s are of the 
same m agnitude as those of the non-dim ensional air m ass flow 
rate. The maximum discrepancy exists, as expected, betw een the 
AFCSP and FFCSP programs,which is of the order of 3.5% for both 
cases. The graphs in F igures(60& 61), ou tline  the d iffe ren t 
predictions obtained by the different fan treatm ents, show ing as 
extrem e cases the resu lts obtained from the program s allow ing 
an interchange of flow using the Factor of Split concept and the 
FFCSP program  that does not allow  any in terchange of flow  
between the two sections of the Fan. Both Stack Fan program s, 
although the STKFAN allows an interchange of flow  and the 
STFFIX adopts a concept sim ilar to the FFCSP one, predicted 
results that are, in most cases, in between the two extrem e cases 
m entioned above. This was the reason that the STFFIX program 's 
results were in most cases closer to the FFCSP ones and on the 
other hand the STKFAN predictions were closer to the AFCSP and 
AFSPOF ones.
3.4 H.P. COMPRESSOR
So far the com parison of the different com putational m odels 
has been concentrated in the Outer fan deceleration resu lts for 
both flight conditions. From  the com parison of the Sea level
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working lines and trajectories it was observed that the most 
sign ifican t d iscrepancies betw een the d ifferen t fan treatm ents 
becam e m ore ev id en t w hen the O u te r Fan  d ece le ra tio n  
predictions w ere analysed. This is due to the fact that since all 
the com putational m odels developed in the present research are 
based on different ways of representing the Fan, any change in 
the interpretation of the Fan itself w ill have greater im pact on 
the predicted behaviour of the Outer Fan, since it copes with 
larger amounts of air mass flows.
T he p re d ic tio n  p ro g ra m s, w ith  th e ir  v a r io u s  F an  
rep resen ta tio n s , have also been used  to p red ic t the  H .P. 
com pressor behaviour. The results p red icted  by the d ifferen t 
models for the HP compressor are shown in Figures(62& 63). The 
program s were used to predict the Sea level working lines as 
well as the acceleration and deceleration trajectories.
The steady-running lines predicted by all five program s show 
no discrepancies, as also is the case with the acceleration and 
deceleration trajectories. Figure(62) shows the w orking lines of 
all five program s w hich coincide, and F igure(63) show s the 
transien t trajec to ries of all five program s together w ith one 
steady-running  line represented by the w orking line o f the 
AFCSP program. The predictions of the m odels do not show any 
d isc rep an cies .
3.5 THRUST RESPONSE
As it was proved from the comparison of the predicted results 
of the HP com pressor, the five com putational m odels show
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differences only with regard to the Fan of the engine. This was 
expected since the com putational m odels were developed on a 
basis of d ifferen t Fan treatm ents. As a resu lts the ir m ain 
differences would appear in predictions relevant to the Fan of 
the engine.
In addition, changes in the way that the Fan of a Turbofan 
engine is represented, m ight create  changes in the p redicted  
thrust response of the engine.
In view  of the above m entioned possib le  d isc repancies  
between the predictions of the five program s, the results of the 
com putational m odels were used to p lot the T hrust response 
during Sea level and Altitude transients.
Figure(64) shows the Thrust response with tim e, fo r all five 
program s, during the Sea level deceleration . A ll p rogram s 
predicted the same response. The only slight d ifference appears 
after the thrust has dropped lower than the 30001b. w here the 
two programs STFFIX and STKFAN appear to converge slightly 
slower to the minimum thrust that is attained at the end of the 
transient. Their discrepancy w ith the rest of the com putational 
models can be regarded as negligible, as can be ascertained from 
F igu re(64 ).
Very interesting results have been predicted during the Sea 
level, M ach=0.2 acceleration. The T hrust response, F igure(65), 
shows significant discrepancies betw een the p red ictions of all 
program s. The two Stack fan program s were the only ones that 
showed sim ilar predictions. All program s show a consistency of 
results for the first 3-4 seconds of the transient. T he "real" 
acceleration occurs ju st before the 6 ^  second. In a m atter of a 
further two seconds all program s predicted the engine reaching
108
90% of its m axim um  thrust. The more significant discrepancies 
occur during that crucial time interval between the 6 ^  and 81*1 
second w here m ost of the acceleration takes place. For this 
reason the predictions of all program s for the above m entioned 
two seconds have been enlarged and shown in Figure(65A ). In 
this graph, the sim ilarity of predictions of the two Stack fan 
program s that was m entioned earlier, becom es m ore clear. The 
slowest response is predicted by the AFCSP program  and the 
fastest one by the Stack Fan programs(STFFIX and STKFAN). The 
AFCSP program  predicts a thrust of 6,0001b.(middle of the range) 
in 7.74 seconds while the AFSPOF predicts the same thrust in 
7.65 seconds. That is a ' 1.2 per cent faster response than is 
pred icted  by the AFCSP com putational m odel. The FFCSP 
program  predicts the same thrust of 6,0001b. in 7.42 second 
which is an even faster response by 4.1 per cent. By far the 
fastest response was predicted, as m entioned above, by the 
STFFIX and STKFAN programs which showed a difference of the 
order of 8.3 per cent.
The two program s STKFAN and STFFIX, that show a much 
faster response, p redicted  also higher com ponent effic iencies. 
The Inner and O uter Fan effic iencies p red ic ted  by the two 
program s m entioned above were 0.944 and 0.877 respectively , 
while those predicted by the AFCSP program  at the same instant 
in the transient(7th second), were 0.762 and 0.812 respectively . 
This is a difference of the order of 14% between the efficiencies 
used by the two com putational m odels. This is due to the fact 
that the characteristics provided for the Stack Fan program s 
representation of the Fan(Inner and O uter), were considerably
109
different from the ones used in the AFCSP program  and hence 
the engine with the more efficient Fan accelerates more rapidly.
Although the characteristics used in the AFCSP, AFSPOF and 
FFCSP programs were all the same, still these m odels predicted 
d iffe ren t th rust responses. The FFCSP program , as it was
m entioned earlier, shows a faster thrust response by 4.1 per
cent. The exp lanation  fo r th is d isc repancy  lies w ith  the 
difference in Fan treatm ents em ployed by the two program s. 
Figure(65B) shows the variation of the Factor of Split(FCSP) for 
the AFCSP model during the same time interval betw een the 6 ^  
and 8 ^  second of the Sea level acceleration. At the beginning of 
the 6 ^  second, the FCSP has a value of 0.82 while for the FFCSP 
program  is always kept constant and equal to 1.0. This im plies 
that at that particular instant, the core of the engine for the 
AFCSP program 's prediction, receives approximately 20% less air. 
However the effect of, the lagging of the LP shaft behind the HP 
one(see chapter II) during the start of the "real" acceleration at 
the 6 ^  second, is less existing in the FFCSP program  since the 
Fan treatm ent employed here allows for a 20% more air into the
core of the engine than that allow ed by the A FC SP Fan
treatm ent.
As it can be seen from Figure(65B), the Factor of Split is then 
forced to a rapid increase in order to allow more air through the 
core of the engine, so that the demand of air at the start o f the 
"real" A cceleration can be satisfied. N evertheless this procedure 
of events takes a certain amount of time and the effect of it can 
be clearly  shown as a discrepancy in the p redictions of the 
thrust response of the two program s.The AFSPOF program  shows
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a slightly faster response than the AFCSP one and once again the 
explanation lies within the concept of the variable Factor of Split.
3.6 COMPARISON OF COMPUTING TIME
3.6.1 Type Of Computer Used
The com puter sim ulation of highly com plex engines can be 
carried out by using either an analogue or a d igital com puter. 
The main advantage of the analogue computer is that it can offer 
’’real time" simulation, irrespective of the engine’s com plexity, by 
enabling sim ultaneous evaluation of the d iffe ren t com ponent 
param eters. The term  "real time" denotes the capability  of the 
com puter to carry out the sim ulation at the same tim e that the 
real engine would need to perform the same action. It is thus the 
analogue com puter which is ideal for the design and test of 
actual con tro l system s. Saravanam uttoo and Faw ke R ef.(37) 
described in detail such analogue systems.
The above m entioned advantages of the analogue com puter 
come as the expense of the time needed to set up the large 
num ber of function generators. These are the e lectrical circuits 
that w ould rep resen t the param eters and th e ir perfo rm ance  
characteristics. The resu lts of the sim ulation are in voltages 
which represent the therm odynam ic variables.
Although reliability  and repeatability is not a m ajor problem  
for the analogue com puter, on the o ther hand the d ig ita l 
com puter can guarantee them once the program  is running. It 
should be m entioned that the user w ould need m uch m ore 
expertise to set up the analogue circuits than to program  the
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digital com puter. The latter perform s calculations in an order 
p rede term ined  by the program , so that the resu lts  w ould 
sim ulate the real engine. Depending on the com plexity  of the 
engine, in m ost cases the ca lcu lation  procedure has to be 
repeated  several times which resu lt in slow com puting tim e. 
Hence "real time" simulation cannot be achieved with the digital 
com puter unless the engine is of a very sim ple form. A nother 
advan tage  of the d ig ita l com pu ter is th a t it g ives the  
opportunity, once the program has been set up, to test different 
co n figu ra tions, com ponents or com ponent ch a rac te ris tic s  by 
m aking sim ple changes in the actual program  or changing the 
data files that are being used.
The current research used the main frame digital com puter of 
the U niversity  of G lasgow  fo r the necessary  changes and 
co m p ila tio n s  needed  to fo rm  and develop  the d if fe re n t 
com putational m odels presented.
From  Septem ber 1984, when the curren t research  started , 
until the September of 1987, the main frame of the U niversity of 
G lasgow used the ICL 2988 com puter. During late Septem ber- 
early October 1987 that m achine was gradually replaced by the 
ICL series 39 Level 80 machine which was abbreviated as 3980. 
The new machine offered the same VME service as the 2988 but 
some m inor changes were inevitable, such as the end of using 
the FORTRAN IV and at that tim e all program s had to be 
transformed into FORTRAN 77.
The new Level 80 system is the most powerful single 'node* 
system  that ICL currently offers. O fcourse m ultinodal system s 
w ere also available which w ere com posed by link ing  sing le
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’node' systems, all running one copy of VME.
This single ’node' system consists of:
1. An in s tru c t io n  p ro c e sso r which included also a 
scientific unit to enhance the execution of 
m athem atical and array handling
2. The m a i n s t o r e
3. A n o d e - s u p p o r t  c o m p u te r  being a separate 
processor responsible for overseeing the basic 
functioning of the node complex
4. Two in p u t/o u tp u t  devices responsible  for 
connecting fast and slow peripheral devices into the 
node complex.
The new m achine is significantly different from  the 2988 and 
in some respect sign ifican tly  d ifferen t from  the m ore usual 
technology provided by other m ainfram e suppliers.
Although the design and construction of the node itse lf  is 
different from the early 2900 systems, developm ents o f the new 
system  are found  in p a ra lle l in the equ ipm en t o f o ther 
m ainfram e supp liers , pa rticu larly  w here these  are based  in 
Fujitsu originated technology.
The m ost im portant effect that the new system  had in the 
current research was that the data processing tim es w ere now 
faster by 4 to 5 times than those that the 2988 m achine could 
ach ieve.
It is the computing time needed for a program  to be executed, 
that is of interest in this section and it is going to be used as a 
m eans of com parison  betw een the d iffe ren t co m p u ta tio n a l 
models developed in the current research.
113
3.6.2 Comparison Of Computing Time
The com puting time needed by the com puter to process all 
the data, compile the program  and produce the relevant results 
is called OCP time. To simplify the way that the com parison is 
going to be conducted, the OCP tim es for acceleration  and 
deceleration at only the Altitude case of 43,000ft. and M ach=0.8, 
are tabulated in the Table(3.6). shown below.
An average  OCP tim e be tw een  the  a cc e le ra tio n  and 
deceleration for each program  was also calculated so that the 
re la tive  average difference betw een the com putational m odels 
could be obtained.
43.000ft. .  Mach=0.8w , ^ V
A cce lera t io n  
OCP Time
D ece lerat ion  
OCP Time
Average  
OCP Time
AFCSP 3 6 .3 2 4 .5 3 0 . 4 5
FFCSP 2 3 .5 7 3 .3 4 9 .9
AFSPOF 3 2 .4 2 5 .7 2 9 .0 5
STFFIX 6 9 .6 6 6 .5 6 8 .0
STKFAN 8 6 .7 9 2 .4 8 9 .5
T ab le(3 .6 )
It is once again the case of the two program s AFCSP and 
A FSPO F show ing a consistency  of resu lts since they  need 
v irtually  the same OCP tim e. As it can be seen from  the 
Table(3.6) above, these are the fastest program s. The Stack fan 
program s, due to the d iffe ren t rep resen ta tio n  of the  Fan 
ch a rac te ris tic s , need m ore ite ra tio n s  un til co n v erg en ce  is 
achieved, w hich resu lts in excessive  com puting  tim e. The 
STKFAN program which is the slow est one needs approxim ately 
66% more computing time than the AFCSP and AFSPOF ones. It is
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also slower than the FFCSP program by 44% and the STFFIX one 
appears to be faster than the STKFAN by 24%.
It should be em phasized that the results under com parison 
are of the Altitude flight condition which need half the OCP time 
compared to the corresponding Sea level cases. For exam ple the 
STKFAN program was found to need 153.1 sec. OCP time to run 
the Sea level deceleration  which is nearly  double the tim e 
needed for the A ltitude one.
3.7 CONCLUSION OF COMPARISON
It is a very difficult task to try to compare and judge which 
program  is the best, since no com parison takes p lace betw een 
the com putational m odels and the real engine. A t this stage, 
speculation on w hich program  predicts the m ore reasonab le  
results could be our only means of comparison. An analysis on 
why its model predicts the results that were obtained under the 
various flight conditions could also help the comparison.
As it was m entioned earlier, it was not possible m ainly for 
com puting tim e reasons, to com pare all the  co m p u ta tio n a l 
m odels developed in this research, w ith the rea l engine test 
results.
The scope of this com parison was to try to investigate  the 
potential advantages and disadvantages of the program s in order 
to choose those on which the real engine effects w ould be 
incorporated. In order to be able to best rep resen t a typical 
turbofan engine, these effects have to be included otherw ise the 
result of the sim ulation would be unrealistic and the sim ulator
115
would not serve its purpose.
All the results used in the com parison of the com putational 
models showed in general a consistency in the predictions of the 
p rogram s. F rom  the in v estig a tio n  ca rried  out, it can be
recognized that the AFCSP and AFSPOF constitute one extrem e
case and the Fixed Factor of Split concept of the FFCSP program 
can be regarded as the other extreme. The Stack Fan program s 
were in general predicting results that could be accepted as the 
average case between the two extrem e ones.
The AFSPOF program adopts a Fan treatm ent which simulates 
a situation that could not exist in a real engine. Nevertheless its 
concept was worth investigating for the m erit of research  but 
the results of the comparison showed the program 's predictions 
to lie very close to the AFCSP ones. Since the la tte r's  Fan 
treatm ent is closer to the real engine it was thus decided not to 
consider the AFSPOF program  for the further investigation that 
is discussed in the following chapters.
The whole comparison is now virtually  concentrated betw een 
the two concepts of allow ing or not an in terchange of flow  
between the two sections of the Fan. The comparison showed the 
FFCSP program  predicting results that probably w ould not in 
general agree w ith the real engine expected behaviour. The 
STFFIX program , although in general agreed with the FFCSP 
program 's p red ictions, there w ere iso lated  cases that appear
unrealistic. As an example of this we could be referred to the Sea
level dece le ra tion  tra jec to ry  of the O uter Fan w here the 
predicted by the STFFIX program trajectory lies too close to the 
steady-running line for the first part of the deceleration. For the
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reasons m entioned above and also during the process of the 
comparison, the two programs, FFCSP and STFFIX were discarded 
from the incorporation of the Real engine effects and hence from 
the investigation follow ed.
Since the STKFAN program  was the only one pred icting  
consistently realistic results, it was thought that the allowance of 
interchange of flow concept would allow for a m ore realistic  
sim ulation . The o ther program (A FC SP) adop ting  the sam e 
concept show ed also consisten tly  rea lis tic  re su lts  w ith  the 
exception of the over-accounting of interchange of flow  in the 
deceleration cases.
An other very im portan t factor that has to com e under 
consideration at this po in t is the com puting tim e tha t each 
program  needs, which appears also to be the m ain disadvantage 
of the STKFAN program . As it was seen earlier the STKFAN 
program  needs double the computing time of the fastest AFCSP 
p ro g ram .
The computing tim e is increased dram atically when the Heat 
transfer effects are included in the m odels(see chap ter IV). 
Hence it was decided to use the AFCSP program , which is the 
fastest one, and the STKFAN, which is the slowest one, in the 
incorporation of the real engine effects. It will thus be possible 
to judge if the perfection and realism  are worth the penalty  of 
the excessive com puting tim e. The two program s, AFCSP and 
STKFAN, are used for the incorporation of the real engine effects 
mentioned at the beginning of the current chapter.
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CHAPTER TV
COMPARISON OF PROGRAMS "AFSREE” AND "STFREE" WITH THE 
REAL ENGINE TEST RESULTS
4.1 INTRODUCTION
The com puter sim ulation m ethod, in order to be accurate, 
must include several effects to account for com ponent losses and 
also for any deviation from the theoretically evaluated values of 
certain  param eters.
The heat transfer effects have long been the subject of 
investigation since their existence is of the outm ost im portance 
in the perform ance of the gas turbine. Inclusion of these effects 
in any sim ulator is necessary in order to be able to p red ict 
realistic and accurate results.
Prediction methods for the heat transfer effects have already 
been used successfully by Pilidis, Ref.(31). These m ethods, with 
necessary im provem ents, have been incorporated in the current 
investigation in order to best sim ulate the transient perform ance 
of a typical Turbofan engine.
Changes in tem perature and p ressure  occur throughout the 
engine. These changes affect the values of Specific Heat Capacity 
and also of v  .The variations of CP and v , for both air and gases, 
were included into the com puter m odels (AFCSP, STKFAN) in 
order to achieve a better accuracy in the predictions.
As a final "real engine effect", i.e. effect which if included will 
allow the sim ulator to give predictions closer to the real engine,
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was the inclusion of the initially ramped fuel schedule during a 
transient. In the previous predictions it was assum ed that the 
fuel flow  changed in stan taneously  from  the steady  running  
value to the value dictated by the fuel schedule. R eal engine 
tests ind icated  that th is was u n rea lis tic , since the above 
mentioned change of fuel flow occurs over a period of 0.4 to 0.5 
seconds. This was incorporated in the two programs.
As discussed in this chapter, these effects have been included 
into both AFCSP and STKFAN programs and their predictions had 
been com pared w ith actual test results of a typ ical Turbofan 
Engine. The two program s, AFCSP and STKFAN , a fte r the 
inclusion of the "real engine effects", have been renam ed as 
AFSREE and STFREE respectively. The AFSREE name stands for 
A djusting  the F acto r of S p lit including also the R_eal E n g i n e  
Effects and similarly for the STFREE program.
4.2 VARIATION OF THE SPECIFIC HEAT CAPACITY Cr
As it was m entioned earlier, the values of CP and v  of the 
working fluid vary due to changes that occur in tem perature and 
p ressu re  th roughout the gas tu rb ine . C hanges in chem ical 
com position in internal com bustion can also lead to changes of 
the specific heat capacity.
The values of CP and Y are very important in the evaluation of 
the performance of a component or a cycle.
It is well known that:
Cp-CV=R where R is the Gas constant and the specific 
heat capacity can be expressed as:
r  y R  
p  Y - l
The ratio of Specific heats, v , is used in the calculation of 
various param eters through the gas turb ine cycle. H ence any 
variation of the Cp value will affect Y  and hence the perform ance 
of the engine's individual com ponent as well as of the whole 
cycle.
The variation of the CP and Y  can be seen in the Figure below:
1 . 4
1 . 3
k J
kg K
1.1 
1.0
2 0 0  4 0 0  6 0 0  8 0 0  1 0 0 0  1 2 0 0  1 4 0 0
Tem perature K
F ig u re (6 6 )
The Figure(66) above shows a variation in tem perature from  
200 to 1200K. For the compressor only the left hand portion is of 
interest since a high pressure com pressor(e.g. pressure ratio  as 
high as 14) will show a temperature rise of no more than 400K.
At high tem peratures as those at the in let to the turbine, the 
mixture of air and the products of com bustion are subjected to 
an additional phenomenon of the dissociation. Since dissociation 
is closely affected by pressure then the specific heat capacity
fuel/air r a t io = '0 .0 13 5 — 0 . 0 2 7
Equilibrium  va lu es  
| for p = l  b&r
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would also be affected by the pressure. Both Cp and y  a r e  
significantly  affected by dissociation at tem peratures of 1500K 
and over. For tem peratures higher than 1500K the variation of 
C p and Y with increase of the fuel to air ratio is applicable only to 
a pressure of 1 bar. For exam ple, if at 1800K the pressure is 
reduced to 0.01 bar, Cp increases by 3-4 per cent, w hile an 
increase of pressure to 100 bar decreases Cp by only 1 per cent. 
Since a typical turbine in le t tem perature is around 1300-1400K 
it was decided to ignore any effect of pressure changes on the 
specific heat capacity.
In itially  the program s AFCSP and STKFAN, allow ed fo r a 
variation of Specific Heat capacity as a function of tem perature. 
This was now im proved by allow ing a variation  of Cp as a 
function of both the tem perature and the air to fuel ratio . The 
changes in Cp were included in the calculations of the combustion 
chamber and HP and LP turbines. A CP value estim ated from  the 
previous components was used as the initial value. This initial CP 
value was used to calcu late  the tem perature d iffe rence  and 
consequently the new value of CP, (once through ca lcu la tion  
m ethod). The im proved CP value was used once again through 
the sam e ca lcu la tions to e stim ate  a m ore a cc u ra te  one, 
(successive approxim ations m ethod).
The AFCSP program was used to show the significance of the 
incorporation of the variation with com position of the specific 
heat capacity. Three versions of the program  w ere run  at Sea 
level, M ach=0.2, for steady running predictions only. The first 
version did not allow for any variation of CP, the second allowed 
variation but used the once through calculation m ethod and the 
third version used the successive approxim ations m ethod.
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The predictions of the program were used to plot the H.P. and 
L.P. shaft speed as well as the Specific Fuel Consum ption(SFC) 
against a base line of Thrust, for a variation of Fuel flow from 24 
to 100 per cent of the maximum, Figures(67,68& 69).
The allowance for variation of the CP value did not have any 
affect on the HP and LP shaft speed re la tionsh ip , F igures 
(67&68). The discrepancies between the three versions could be 
regarded as negligible.
The Specific Fuel Consumption(SFC) plotted against the Thrust 
is shown in Figure(69). From the graph it can be seen that the 
variation of CP affected the predicted SFC over a wide range of 
Thrust. No variation of CP predicted generally a higher SFC by 1.5 
per cent from the once through calculation version and a 2.1 per 
cent from  the successive approxim ations m ethod.
In the effort to develop a com putational m odel which is as 
accurate as possible, the second approxim ation m ethod was now 
incorporated in both the AFCSP and the STKFAN program s once 
its penalty  in com puting time could be regarded as neglig ible 
and the advantage in accuracy was proven to be of the order of 
2 per cent.
4.3 HEAT TRANSFER EFFECTS
In the first chapter of the current investigation, an extensive 
survey was reported on the research that had been carried  out 
on the heat transfer effects and their representation in com puter 
m odels.
The representation methods of all the effects that had been
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adopted by Pilidis, Ref.(31), and Pilidis & M accallum, Ref.(32,34), 
w ere also used in the p resen t research  w ith m od ifica tions 
necessa ry  to im prove the  accu racy  and rea lism  of the 
p red ic tio n s .
However these procedures did not include any allow ance for 
heat transfer effects in the com bustion chamber. A crude model 
for represen ting  the heat transfer effects in the com bustion  
cham ber was developed and incorporated in both AFSREE and 
STFREE programs together with the heat transfer effects for the 
rest of the engine's components.
These m odels which have been used in the p resen t w ork 
were at the state to which they had been developed in June 
1988. Further developm ent has been carried out, Ref(45), which 
leads to significantly d ifferent predictions. These im provem ents, 
and their im pact on the predictions which account fo r therm al 
effects, are discussed later, in C hapter V. H ow ever fo r the 
p resen t investigation  of represen ta tion  of Fans, it had been 
necessary to use the "therm al effects" prediction program  at its 
earlier stage of development of June 1988.
To highlight the significance of the incorporation  of these 
effects in a gas turbine sim ulation model, the AFSREE program , 
was used to p red ic t the  s teady -runn ing , acc e le ra tio n  and 
deceleration results at Sea level, M ach=0.2, with and w ithout the 
incorporation of the H eat transfer effects. The resu lts  o f the 
predictions were used to plot the working lines as w ell as the 
tran s ien t tra jec to ries of the com bined  Inner Fan and I.P  
com pressor as well as of the H.P. compressor. These results are 
now discussed.
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4.3.1 Combined Inner Fan and I.P. com pressor results
The AFSREE program  was used to predict both the adiabatic 
and non-adiabatic working lines of the com bined Inner Fan and 
I.P. com pressor at Sea level, Mach=0.2. The steady running lines 
of both  cases (ad iab a tic  and n o n -ad ia b a tic )  show ed no 
divergencies, as can be seen in Figure(70).
The p red ic ted  d ece le ra tio n  and acce le ra tio n  tra jec to rie s  
together w ith  the  com bined  c h a rac te ris tic s  are  show n in
Figure(71). The significance of the H eat transfer effects are 
shown in both  tran sien ts  but by fa r the m ost im portan t
discrepancy appears during the deceleration.
During the cold acceleration the predicted trajectory  appears 
low er than the ad iabatic  one, m ainly  due to changes in
com pressor charac teristics . The dev iation  from  the ad iabatic
prediction is of the order of 4 per cent in terms of pressure ratio.
T urning to the dece leration  resu lts , the  p red ic ted  non-
adiabatic trajectory is raised significantly tow ards the surge line 
by approximately 9 per cent in terms of pressure ratio at a mass 
flow. As it can be seen from Figure(71), the inclusion of the 
therm al effects had reduced considerably the surge m argin of
the combined Inner Fan and I.P. compressor.
4.3.2 H.P. Compressor Results
The in c lu sio n  of the heat tran sfe r e ffec ts  a lte red  the
behaviour of the H.P. com pressor in both transients that the 
AFSREE program  predicted.
The cold accelera tion  pred ic tion  show s the non -ad iabatic  
trajectory low ered from  the adiabatic one by approxim ately  7 
per cent towards the steady running line. Hence, as it can be
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seen from  F ig u re (7 2 ), the  su rge  m arg in  during  a cold  
a c c e le ra tio n  is c o n s id e ra b ly  g re a te r  th an  is p re d ic te d  
a d iab a tica lly .
The predicted deviation from  the adiabatic one is due to 
com pressor characteristics changes as well as due to losses of 
H.P. cooling air through the seals. There are also altered tip 
clearances during a cold acceleration which would affect the 
behaviour of the compressor.
The deceleration trajectories are shown in F igure(73). The 
inclusion of the thermal effects has caused the trajectory to be 
lifted towards the steady running line. The discrepancy observed 
in com parison to the adiabatic p red iction  is sm all w ith  the 
exception of a "kink” in the trajectory that appears at a non 
dim ensional air mass flow rate betw een 37 and 43. The engine 
reaches that range after 0.87 seconds into the transient. W hen 
the L.P. shaft’s non-dim ensional speed is close to the value of 
560, the deviation from the adiabatic prediction has risen  to 14 
per cent. This significant deviation lasts for 0.5 seconds and then 
the trajectory returns to its norm al path.
This behaviour of the H.P. com pressor had to be investigated 
further in order to identify the cause of the deviation. From  the 
firs t resu lts  obtained it was observed that during th a t 0.5 
seconds, when m ost of the deviation occurs, several param eters 
of the engine showed im portant changes. F irstly , h igher heat 
transfer rates were predicted  fo r the H.P. com pressor, H .P. 
turbine and L.P. turbine, being 890 KW , 580KW  and 560K W  
respective ly . The H.P. tu rb ine 's b lades show ed s ig n ifican tly  
h igher tem peratures than the stab ilised  ones and a lso  than
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w ould be expected during that range o f the transien t. The 
efficiency of the H.P. turbine had also fallen by 1.7 per cent 
against a 0.3 per cent of the H.P. compressor. As a result of the 
higher tem peratures in the H.P. turbine the Factor of Split was 
lowered by 4 per cent from the adiabatically predicted one. In 
order to identify in which component the problem  had initiated, 
the AFSREE program  was now used to predict the same transient 
but this tim e was run several times and each tim e one only of 
the heat transfer effects was incorporated successively into one 
of the com ponents until all the effects were added on all the 
com ponents. The resu lts of the investigation  show ed that the 
behaviour of the H.P. com pressor had been affected by changes
in density and the boundary layer, due to heat transfer, which in
turn affect the com pressor characteristics. These changes were 
shown in Figure(73), as a rapid reduction of non-dim ensional air 
mass flow  rate  w ith a sm all decrease in p ressu re  ratio . The 
decrease in air mass flow rate had as a result the increase of the 
operating tem perature of the H.P. turbine blades which led to a 
reduction in efficiency of the H.P. turbine of 1.7 per cent. It 
should  be m en tioned  tha t fu rth e r in v es tig a tio n  cou ld  be 
essen tia l as to determ ine the exact cause and loca tion  of 
in itia tion  of the problem . As the tran s ien t p ro g resses the
discrepancy betw een the two predictions dete rio ra tes. This is 
due to the fact that at the end of the deceleration had elapsed 
sufficient tim e to allow for m ost of the heat transfer to take
place.
In both transients, the steady running line was represen ted  
by the ad iab a tica lly  p red ic ted  one since no d isc rep an c ies
126
appeared betw een the steady running lines predicted w ith and 
w ithout the inclusion of the heat transfer effects.
The beneficial results of the inclusion of the above mentioned 
effects, can be observed in the acceleration case where the surge 
margin of the H.P. compressor, in some regions of the trajectory, 
is doubled.
4.3.3 Thrust Response
From  the same results obtained for the Sea level, M ach=0.2, 
acceleration  and deceleration, the T hrust response w ith Tim e 
was also studied for the adiabatic and non-adiabatic predictions. 
rNote on Units Used: Thrust values are quoted in units of pound 
force , lb f, since these are the units used by the eng ine  
m a n u fa c tu re rs .]
The th ru st response  during  the accelera tion , F ig u re (7 4 ), 
shows discrepancies between the two predictions at the start of 
the "real" acceleration, i.e. after the 5th second, and also at the 
end of the transient. The adiabatic acceleration appears to be 
slow er than the non-adiabatic one by approxim ately  3.5 per 
cen t. T he d iffe ren ce  g rad u a lly  red u ces as the  tra n s ie n t 
progresses, but still at the end of the th irteen  seconds, the 
inclusion of the heat transfer effects predicted a trajectory which 
stabilized at a lower thrust from  the adiabatic one, although the 
m aximum attainable fuel flow was the same for both cases. The 
difference of thrust at time thirteen seconds is about 3 per cent.
Sim ilarly, Figure(75), shows the deceleration thrust response 
for both cases studied in this section. W hen the heat transfer 
effects are included, the thrust response is slow er in particu lar 
towards the end of the transient. Since the Figure(75) shows the
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transient during the full time allowed for the speed to stabilize, 
i.e. th irteen  seconds, the existing d iscrepancies betw een the 
predictions of the two cases are not clearly observed. For this 
reason the first and last part of the deceleration  trajectories 
have been en larged  and show n in two d iffe re n t figures. 
Figure(76), shows the thrust response for the first two seconds 
in the transien t. The inclusion  of the therm al e ffects show 
discrepancies with the predicted adiabatic results only after the 
first second w here the thrust of the engine had dropped by 
approxim ately  64 per cent. At the end of the 2nd second, the 
adiabatic trajectory predicts a faster deceleration from  the non- 
adiabatic one. The difference is approxim ately 14.3 per cent in 
time at a thrust of 2000 lbf.
At the last part of the transient, as shown in Figure(77), the 
discrepancy that first existed after the 2nd second, is growing to 
a significant d ifference of approxim ately 35 per cent, h igher 
p red icted  th rust o f the non-ad iabatic  case at tim e th irteen  
seconds.
The reader is how ever rem inded that the therm al m odels on 
w hich the p red ic tions w ere based have been im proved-see  
section 4.3 and Chapter V.
4.4 COMPARISON OF THE SIMULATION PREDICTIONS WITH
THE REAL ENGINE RESULTS
4.4.1 Acceleration and Deceleration at 43.000ft.. M ach=0.8
The Real eng ine tes t resu lts  availab le  did no t inc lude  
m easurem ents o f the m ass flow  ra te  and hence  a ll the
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com parison  was based on the shaft speeds, p ressu res and 
tem peratures recorded at various stations in the engine. In most 
of the graphs the non-dim ensional speed was used as the base 
line.
The two programs, AFSREE and STFREE, used exactly the same 
am bient conditions that were achieved during the test results of 
the Real engine. The com parison was carried out for a "cold" 
Acceleration, a Deceleration and a "Bodie" or Hot re-acceleration, 
all at 43,000ft. and M ach=0.8, which were the only Real engine 
test data available.
The two com puter models were run firstly at steady running 
at the above mentioned ambient conditions in order to establish 
the maximum range of shaft speeds and fuel flow. The AFSREE 
p rogram  p red ic ted  a h igher m axim um  a tta in ab le  p o in t of 
operation than the STFREE program, for the same maximum fuel 
flow rate. These maximum points of operation, in terms of shafts 
speeds and fuel flow rates, are the ones norm ally used as the 
starting points for the deceleration. It was decided to use for 
both program s the deceleration starting point predicted by the 
STFREE program in order for the shafts to have the same kinetic 
energy at the beginning of the transient since these speeds were 
also closer to the starting speeds of the Real engine.
Figure(78) shows the L.P. shaft speed response w ith tim e 
during  the co ld  A cce le ra tio n . B oth  p ro g ram s p re d ic t  a 
considerably faster L.P. shaft acceleration by an average of 60 
per cent. Considering the stabilising L.P. shaft speed, it is seen 
that the Real engine and the AFSREE program  showed about the 
same speed, while the STFREE program  predicted a low er speed.
129
The difference between the predictions of the two com putational 
models is about 2.5 per cent.
The corresponding H.P. shaft speed response com parison is 
shown in F igure(79). Both program s predicted a considerably  
faster Acceleration by approxim ately 66 per cent, show ing thus 
a discrepancy of the order of 10 per cent from the test results in 
term s of th rust at a p a rticu la r instan t. P rogram  A FSR EE 
predicted  a low er stab ilizing  H.P. shaft speed than the real 
engine achieved by 4.3 per cent, while the STFREE program  
predicted a speed lower by 3.0 per cent.
As an overall com parison of the shafts speeds responses, it 
was decided to plot the H.P. shaft speed against the L.P. shaft 
speed, the resu lts being show n in F igure(80). The h ighest 
discrepancies from the Real engine are approxim ately 4 per cent 
for the STFREE program and 5 per cent for the AFSREE program. 
From the comparison of the shaft speed responses so far it can 
be concluded that for the cold Acceleration the AFSREE program  
predicts a better L.P. shaft speed response than the STFREE one 
while the latter predicts a better H.P. shaft speed response.
In order to compare the Outer Fan behaviour during the cold 
A cceleration, the Outer Fan pressure ra tio ,(P 13/P x), was p lotted  
against the non-dim ensional speed of the L.P. shaft as shown in 
Figure(81). At the non-dimensional speed of 420, the Real engine 
had a pressure ratio of 1.6, while the predicted one by both 
program s, (predictions coincide at that instant), is 1.514, which 
shows a difference of 14 per cent in terms of pressure rise. At 
the non-dim ensional speed of 470 the pressure ra tio  recorded 
for the Real engine is 1.7, while the programs predicted an Outer 
Fan pressure ratio of 1.61 showing thus a difference again of the
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order of 13 per cent in pressure rise.
It should be noted at this poin t that at the sam e non- 
dim ensional speeds, the Outer Fan pressure ratios obtained by 
the R eal engine are higher than those predicted  by the two 
computer models which in effect implies that the Outer Fan mass 
flow rate  of the Real engine w ill be slightly  less than the 
p red ic ted  one. A lthough the shapes o f the tran s ien t lines 
p red ic ted  by the two com putational m odels are in general 
agreem ent with the shape of the transient line of the engine, an 
im portant difference exists at the top end of the curves( last part 
of the transient). The Real engine curve appears to flatten out at 
the range of dim ensionless speeds h igher than 430. This is 
correctly predicted by the AFSREE program , while the STFREE 
one not only failed to predict this behaviour o f the engine 
(increase of non-dim ensional speed with small or none increase 
in pressure ratio), but also failed to reach the m axim um  non- 
dimensional speed that the engine attained and also the AFSREE 
program  predicted . That discrepancy in non-dim ensional speed 
between the two models is of the order of 4 per cent. The results 
of the com parison of the Outer Fan behaviour during the cold 
Acceleration are used later in conjunction with the D eceleration 
re su lts .
During the Real engine tests, the conditions between the Inner 
Fan and the I.P. compressor were im possible to be m easured and 
hence the pressure(P 26) recorded after the I.P. com pressor was 
used to evaluate the combined Inner Fan and I.P. com pressor 
pressure ratio  ( P 2 8 ^ i) ’ which was p lo tted  against the non- 
dim ensional speed of the L.P. shaft, F igure(82). Both program s
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are able to p red ic t both the ind iv idual and the com bined 
pressure ratio  of the two com ponents m entioned above. The
predictions of both com puter m odels during the A cceleration , 
show generally good agreem ent with the real engine test results. 
The maximum discrepancy in pressure rise at a non-dim ensional 
speed is about 6 per cent. The STFREE program shows a better 
prediction than the AFSREE one, for the very first part of the 
transient, by 5 per cent (in terms of difference in pressure rise 
at a particular non-dim ensional speed). As in the case of the 
Outer Fan, at the last part of the A cceleration, the STFREE 
program  predicts a low er m axim um  non-dim ensional speed and 
pressure  ratio  than the ‘ Real engine achieved and A FSREE 
program  predicted. The discrepancy betw een the p red ictions of 
the two computer m odels is approxim ately 3.5 per cent in non- 
dim ensional speed.
Continuing the com parison, the H.P. com pressor resu lts and
predictions are shown in Figure(83). The predictions of the two
program s coincide but have considerable discrepancies from  the
Real engine test results. The largest difference is about 12 per 
cent in pressure rise  at the non-dim ensional speed o f 590. 
Another im portant feature is that the Real engine show s both 
the pressure ratio  and non-dim ensional speed increasing  to a 
maximum and then stabilising to a lower point of operation at 
the maximum fuel flow rate. As it has been already m entioned 
the H.P. shaft starts the acceleration sooner and faster than the 
L.P. shaft. As a results of this the non-dim ensional speed of the 
H.P. compressor reaches a maximum value while the L .P. shaft 
still accelerates and hence delivering higher tem perature (T 26).
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Since the H.P. shaft has already reached its maximum speed the 
increase of T26 results in decease of the non-dim ensional speed 
of the H.P. compressor. This explains the behaviour of the H.P. 
com presso r show n in F igu re(83 ). The tw o program s had 
successfully predicted this behaviour of the H.P. system but both 
predicted a much lower stabilizing point. The stabilizing point 
predicted by the STFREE program is closer to the Real engine one 
than the stabilising point predicted by the AFSREE program. The 
difference of the two predictions in that aspect was calculated to 
be of the order of 5 per cent in terms of an average discrepancy 
in both the pressure rise and non-dim ensional speed.
As m entioned earlier, the test results of the engine did not 
include any mass flow rate m easurem ents, nor were any thrust 
m easurements available. It was thus decided to plot:
where P 01 and T 01 are the am bient stagnation  p ressu re  and 
tem perature and P 6 is the pressure at the exit from  the L.P. 
turbine, in order to have an indication of w hat would be the 
thrust response. The comparison of the engine's test data and the 
predictions of the m odels for the A cceleration  are shown in 
Figure(84). The results of the program s are in general agreem ent 
with the real engine apart from the last part of the transien t 
where the engine stabilizes at a h igher operating poin t. The 
difference is of the order of 8 per cent. This was due to the fact 
that the engine reached higher fuel flow rates than the program s 
could p red ic t. The resu lts of the p red ic tions for the cold 
A cceleration were in general agreem ent w ith the real engine
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results with a mean average discrepancy of 5.6 per cent.
The deviations betw een the acceleration p red ictions of the 
two m odels, discussed above, will later be used in conjunction 
with the rest of the results discussed in this chapter in order to 
conclude which program  could better sim ulate a typical turbofan 
eng ine .
N ext the D eceleration results are discussed. The resu lts are 
shown in Figures(85 to 91).
The L .P. shaft speed response  w ith tim e is show n in 
F igure(85). For the crucial first two seconds of the transient, 
where most of the deceleration occurs, both program s succeeded 
in predicting  resu lts close to the Real engine ones. As the 
transient progresses the STFREE program  predicts a m uch slower 
deceleration by approxim ately 22 per cent (in tim e) w hile the 
AFSREE program by only 10 per cent. Both program s predicted 
also h igher final s tab iliz ing  speeds than the R eal eng ine  
achieved, the STFREE program  by 8 per cent while the AFSREE 
by 4 per cent. Hence, the AFSREE program predicted a better L.P. 
shaft speed response than the STFREE did by an average of the 
order 7 per cent.
Although the starting shaft speeds of the Deceleration used by 
the two com puter models were low er than those of the engine, 
both program s predicted an H.P. shaft speed response w hich is 
very close to the Real engine one, as it can be seen in Figure(86). 
The two models predicted at the third second a higher H.P. shaft 
speed of the order of 1.5 per cent, which was the m axim um  
discrepancy, and also a higher final stabilizing speed by 0.9 per 
cent. Both shaft speed responses predicted by the two com puter
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m odels are in good agreem ent with the test results showing a 
mean discrepancy of about 1 per cent. This can also be verified 
by the H.P. versus the L.P. shaft speed graph which is shown in 
F igu re(87 ).
By far the most interesting results are shown in Figure(88), 
where the Outer Fan test results and predictions are compared. 
The Real engine behaviour during the Deceleration shows a very 
noticeable increase in pressure ratio, after the in itial rapid drop 
at the beginning of the transient, and holds at th is h igher 
pressure ratio  for a range of non-dim ensional speed betw een 
490 and 450 before starting the rapid drop again. The transient 
line predicted  by the STFREE program  showed a continuous 
decline throughout the transient, w hile the AFSREE program  
succeeded to predict a transient line closer to the Real engine 
one.
It would now be very helpful to consider also the Outer Fan 
resu lts and p red ictions obtained during the A ccelera tion , in 
order to conceive a more complete picture of the com parison and 
cause of discrepancy between the program s and the Real engine. 
The table below includes the pressure ratios of the O uter Fan 
during  the A cce le ra tio n  and D e ce le ra tio n  fo r  the  non- 
dimensional speeds of 420 and 470 for the Real engine and the 
STFREE and AFSREE programs.
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N / J t "  =420  L V 1 N / ^ / t T = 4 7 0  L V 1
ENGINE STFREE AFSREE ENGINE STFREE AFSREE
P13
A c c e l . 1 . 60 1 . 5 1 7 1 . 5 1 7 1.7 1 . 6 1 4 1 . 5 9 7
P
1
D e c e l . 1 . 6 5 7 5 1 . 4 2 7 5 1 . 4 7 9 5 1 . 7 3 2 5 1 . 56 1 . 5 7 1 5
T able(4 .4 .1 )
From the table above, it is clear that the Real engine's Outer 
Fan Pressure ratio at both 420 and 470 non-dim ensional speeds, 
is higher during the D eceleration than in the A cceleration. The 
opposite is the case of the predictions o f the two com puter 
m odels. As it was m entioned earlier, the Real engine shows 
during the D eceleration an increase in pressure ratio  after the 
initial rapid drop. This indicates that an increase in m ass flow 
rate  through the by-pass duct could be resp o n sib le . It is 
im portan t to note at this po in t that the STFREE program  
predicted a steep fall in pressure ratio  from  the beginning and 
throughout the transient, while the AFSREE program  predicted 
the same initial steep drop but it became less rapid at the same 
non -d im ensional speed reg ion  tha t the eng ine  show s the 
increase of the pressure ratio. It should also be noted that the 
O uter Fan pressure ratio  predicted  by the STFREE program  
during the deceleration is much lower than that predicted by the 
AFSREE program -see Table(4.4.1) above. In general it could be 
concluded at this point that the shape of transient line predicted 
by the AFSREE program  for the Deceleration is closer to the real
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engine behaviour than that predicted by the STFREE program.
At the time when the present work was carried out, the data 
a v a ila b le  from  the m an u fac tu re rs  o f the en g in e  under 
investigation did not include any inform ation as to the existence 
of an I.P. loss of air. Supposing an I.P. compressor bleed or "leak" 
existed, then the pressure ratio across the bleed "orifice" at the 
non-dim ensional speed of 470 can be evaluated and is shown in 
the following table:-
P P P
26 13 26
P P P
1 1 13
Accel. 2.45 1.7 1.44
Decel. 2.54 1.7325 1 .46
T ab le(4 .4 .2 )
H ence during the D ecelera tion  the bleed "orifice" w ould 
becom e more effective since the pressure in the core  of the 
engine is higher than at the by-pass part. An escape of air from  
the core to the by-pass would probably affect the response of 
the Outer Fan but also of the L.P. shaft. It was thought at this 
stage to use the two programs to simulate the same conditions as 
before but with the incorporation of a 5 per cent I.P. com pressor 
bleed. The influence of the inclusion of a 5 per cent I.P. bleed in 
the predictions of the two program s is discussed in section 
(4.4.2) of the current chapter.
The behaviour of the combined Inner Fan and I.P. com pressor 
during the Deceleration is shown in Figure(89). Both program s 
predicted an initial increase in pressure ratio. This was explained 
earlier as the result of the Fan, which, during the start o f the
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transient, fails to decelerate im m ediately due to its inertia. It
hence delivers to the core of the engine more air than the H.P. 
system  can possibly  handle and it is at this po in t that the 
concept of the adjustable boundary between the Inner and Outer 
flows comes into effect and diverts air mass flow from  the core 
to the by-pass part of the engine. This results in a decreased
mass flow rate through the core, which is shown in Figure(89) as
an increase (tem porary) in pressure ratio . A lthough this was 
how the R eal eng ine’s Inner Fan plus I.P . com pressor was 
expected to behave, instead  it showed a steep  decrease  in 
pressure  ratio  from  the start and th roughout the transien t, 
appearing thus to be able to cope with larger am ounts of air
through the H.P. com pressor w ithout surge being created. The 
above m entioned  d iffe rence  betw een p red ic tio n s  and R eal 
engine behaviour was considered as an add itional reason  in 
support of the existence of an I.P bleed or even "leak" which was 
later incorporated in the computer models.
The H .P. com pressor results show, as in the case of the 
A cceleration, considerable discrepancies betw een the sim ulation 
and the test results of the engine. It can be seen from  Figure(90) 
that between the two models, the STFREE program  predicted a 
characteristic  w hose shape is, in general, c loser to the Real 
engine one.
In F igure(91), an indication of w hat could  have been a 
comparison of the thrust response is shown. The characteristic  
line predicted by the AFSREE program , in com parison w ith the 
line predicted by the STFREE program , is in better agreem ent 
with the Real engine’s one. Both program s show a discrepancy 
from the real engine results of the order of 5.5 per cent.
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4.4.2 Acceleration and Deceleration at 43.000ft.. Mach=0.8.
Including 5% I.P. Compressor Bleed
The results tabulated in Table(4.4.2) showed that the P 2 6 ^ 1 3  
value is higher in the case of the Deceleration than during the 
A cceleration. This indicates that an uncontrolled  leak  of air 
would have more effect during the D eceleration. N evertheless 
both program s were used to include a 5 per cent bleed for both 
cases of A cceleration and D eceleration. The fact that the leak 
w ould be less effective  or not ex isting  at all du ring  the
A ccelera tion , w ould affect s ign ifican tly  the outcom e of the 
com parison of the predictions of the program s w ith the Real 
engine results. In fact this was confirm ed in the presentation of 
the results of the Acceleration com parison which are shown in 
Figures(92 to 97) and also in Figure(104). In all graphs it can be 
seen that the discrepancies betw een the predicted  and actual 
test engine results had increased. That having been noted, these 
results are not discussed further.
The D eceleration  resu lts  are now  considered . F ig u re (9 8 ) 
shows the L.P. shaft response w ith tim e. The resu lts o f the
program s without the 5 per cent I.P. bleed, shown in F igure(85), 
predicted a discrepancy of 10 per cent, for the AFSREE, and 22 
per cent, for the STFREE program, from  the engine's test results. 
The incorporation  of the I.P . bleed im proved both p rogram  
p red ic tions w hich, as show n in F igu re (98 ), decreased  the 
discrepancy from the Real engine to 4 per cent for the AFSREE
program  and to 10 per cent for the STFREE one. H ence the
existence of a 5 per cent bleed im proved the agreem ent of the 
AFSREE L.P. shaft speed response by 60 per cent and by 54 per
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cent for the STFREE program. The com parison was carried out 
with regard to the tim e that the two program s and the engine 
needed to reduce the L.P. shaft speed down to 6500 rev./m in..
Sim ilarly for the H.P. shaft speed response, at the same 
instant, i.e. third second into the transient, the resu lts of the 
engine and of the program s including the 5 per cent bleed, 
shown in F igure(99), are com pared with the ones w ithout the 
incorporation of the bleed which were described in F igure(86). 
Again the predictions of both program s had im proved and the 
discrepancy betw een the predictions and the actual engine test 
results can be regarded as negligible. This is also confirm ed from 
the results of the H.P. versus the L.P. shaft speed, shown in 
Figure(lO O ).
A lthough  the  in co rp o ra tio n  of the  b leed  re su lte d  in 
considerab le  im provem ents in the p red ic tio n s o f the  shaft 
responses, no sign ifican t change appeared in the O uter Fan 
results, which are shown in F igure(lO l). It is again the case of 
the AFSREE program  predicting a characteristic which is closer to 
the behaviour of the Real engine than the STFREE program  
predicted. The latter predicted a steeper drop of pressure ratio 
during the first part of the transient, which is opposite to what 
the engine test results showed.
The com bined Inner Fan plus I.P. com pressor p red ic tions 
were, in general, very close to the engine test resu lts, w ithout 
(Figure89) and with the incorporation of the 5 per cent bleed 
shown in Figure(102). A ttention should be focussed now on the 
shape of the characteristic  predicted by the STFREE program  
during the very first part of the D eceleration. The inclusion of
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the I.P. bleed had as an effect the in itia l drop, instead  of 
increase(without the 5% bleed), of the pressure ratio, which lines 
up with the behaviour of the Real engine but at a lower pressure 
ra tio .
The incorporation of the I.P. bleed im proved also the H.P. 
com pressor predictions, F igure(103). In Figure(90), i.e. no I.P. 
bleed, the program s, in general, predict the same behaviour of 
the H.P. com pressor as that of the engine but have significant 
d iscrepancies both at the start and at the last part o f the 
transient. A t the beginning of the transient and at a pressure 
ratio of 6.5 the STFREE program , which lies closer to the Real 
engine results, shows a discrepancy of 1.7 per cent in term s of 
non-dim ensional speed. At the same pressure ratio, the AFSREE 
program  has a discrepancy of 2.1 per cent. The incorporation of 
the I.P. bleed improved both program  predictions by an average 
of 40 per cent. The STFREE program  has decreased  its 
discrepancy to 0.78 per cent and the AFSREE to 1.5 per cent.
It should be noted that the above investigation has used a 
fixed I.P. com pressor bleed of 5 per cent. It would be more 
rea lis tic  to use a variable bleed w hich is a function  of the 
pressure ratio across the bleed "orifice"- see Table(4.4.2).
4.4.3 "Bodie" at 43.000ft.. Mach=0.8
The investigation was further extended in the com parison of 
the "Bodie" results, (Hot re-acceleration), at 43,000ft. and M ach 
number equal to 0.8. The "Bodie" consists of a deceleration which 
is follow ed im m ediately by an acceleration  to the m axim um  
attainable fuel flow.
U nfortunately the starting conditions (shafts speeds and fuel
141
flow  rate) and all the relevant inform ation for the firs t two 
seconds of the deceleration(w here most of the transien t takes 
place) of the Real engine were not available. It was thus decided 
for the two program s to start the deceleration from  the highest 
operating point that had been achieved under steady running at 
the maximum fuel flow rate. The finishing fuel flow rate was the 
steady running m inim um  one. E ight seconds w ere allow ed for 
the deceleration and another eight for the acceleration
Figure(106) shows the com parison of the L.P. shaft speed 
response with time. From  the plot of the Real engine results it 
can be seen that the engine probably started the deceleration 
from  a low er shaft speed. N evertheless the p red ic tion  of the 
AFSREE program is very satisfactory since it produced the same 
shaft speed response with the Real engine regarding the last part 
of the deceleration and the acceleration. The prediction appeared 
shifted towards higher operating shaft speeds due to the higher 
initial starting speed. During the hot acceleration the AFSREE 
program  predicted a faster response by 19 per cent m axim um . 
Taking into account the fact that the starting po in t of the hot 
acceleration was higher than the Real engine one by 5.4 per cent, 
it can be concluded that this program(AFSREE) could predict an 
L.P. shaft speed response within acceptable discrepancy from  the 
Real engine given that both sim ulator and engine w ill have the 
same starting conditions. On the other hand the STFREE program , 
although it used lower starting shaft speeds for the deceleration 
than the AFSREE program did, the predicted starting shaft speed 
of the hot acceleration is much higher from the Real engine one 
and from the AFSREE predicted one. The discrepancy betw een
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the two programs at the eighth second is of the order of 2.7 per 
cent in terms of difference in shaft speed. The STFREE program  
also predicted a final stabilizing speed at the end of the hot 
acceleration very close to the one reached by the Real engine. In 
conjunction with the cold acceleration predictions of the STFREE 
program ,(Figures 78&92), it can be seen that if the latter used 
the same deceleration starting speeds as o f the Real engine, it 
would predict a faster acceleration.
The H .P . shaft speed resp o n se  com parison , w hich  is 
represented in Figure(107), did not show any difference from  
the cold acceleration one. Both program s predicted the sam e
shaft speed response and degree of discrepancy as w ith the
norm al cold acceleration.
Turning now to the Outer Fan perform ance, this is shown in 
Figures(108, 108A and 108B). Because it was difficult to account 
from  the sam e graph for the ind iv idual p red ictions of each 
program, the predictions of AFSREE and of STFREE were plotted 
ind iv idually  with the Real engine resu lts and are show n in
separate Figures(A& B). The hot acceleration resulted in slightly  
d ifferen t p redictions for both program s. R eferring to a non- 
dim ensional speed of 420, w hich was also used in the cold
a c c e le ra tio n  co m p ariso n , bo th  p ro g ram s had  show n  a 
discrepancy with the Reial engine of about 5.4 per cent, w hich 
has now dropped to 5 per cent for the AFSREE program  and 
increased to 5.6 percent for the STFREE one. At the last part of 
the acceleration the Real engine shows a very small increase of 
p ressu re  ra tio  w hile the non-d im ensional speed con tinues to 
increase. This is successfully predicted by the AFSREE and the
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STFREE programs.
The hot acceleration com parison for the com bined Inner Fan 
plus I.P. com pressor did not show any significant d ifferences 
from  the results and predictions of the cold acceleration. Both 
program s predicted the same, in general, response as it can be 
seen in Figure(109). The differences betw een the predictions of 
the two program s and the results of the engine are more clearly 
shown in the individual graphs, Figures(109A  and 109B) for the 
A FSREE and STFREE program  resp ec tiv e ly . The m axim um  
discrepancy for both models occurs during the first part o f the 
transient and is of the same order as the one recorded during 
the cold acceleration, i.e. approxim ately 6 per cent, in term s of
i
pressure rise  difference at the non-dim ensional speed of 400. 
The AFSREE program  predicted higher operating points since it 
started also from higher ones. The same is also the case for the 
STFREE m odel. A difference that did not ex ist in the cold 
acceleration results, is during the very first part of the transient 
(hot acceleration), where the AFSREE program  predictions are 
m uch c loser to the Real engine than the STFREE program  
predictions. This can be seen in Figures 109A and 109B in the 
region of non-dimensional speed betw een 360 and 400.
Finally the H.P. compressor engine test results and predictions 
of the two computer models are shown in Figures(110, 110A and 
110B). The big discrepancy that existed betw een the program s 
and the engine results during the cold acceleration in the region 
of non-d im ensional speed o f 590, also  ex isted  in the  ho t 
acceleration. As in the case o f the cold acceleration the Real 
engine reached a maximum pressure ratio  and non-dim ensional 
speed and then dropped to low er final stab ilizing  opera ting
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point. The AFSREE program , although predicted  a m axim um  
operating point closer to the engine one than the STFREE 
program  managed to predict, it failed to stabilize at an operating 
point close to the Real engine one. On the other hand, the STFREE 
m odel stabilized at an operating po in t in betw een the one 
predicted by the AFSREE program  and the one reached by the 
engine. Hence the hot acceleration comparison did not show any 
significant differences from the cold acceleration one.
4.4.4 Conclusions of comparison
Although, in general, the predictions of the tw o com puter 
m odels developed in the' current research, were in satisfactory  
agreem ent, there were isolated cases of d iscrepancies betw een 
the simulators and the engine test results.
There were reasons, that are d iscussed  in the fo llow ing  
chap ter, fo r expecting  d iscrepancies betw een the  p rogram s 
predictions and the actual test results of the Real engine. Hence 
the comparison was m ostly concentrated on assessm ent of which 
p rog ram  w ould  p red ic t an eng ine  b eh av io u r s im ila r  or 
acceptably close to the behaviour of the engine.
B oth  p rog ram s p red ic te d  fa s te r  L .P . and H .P . sh a ft 
accelerations by an average of 15 per cent. The AFSREE program  
predicted an L.P. shaft final stabilizing speed very close to the 
Real engine one. The opposite is the case for the H.P. shaft speed, 
where the STFREE program predicted a stabilizing speed closer to 
the engine than the AFSREE predicted, by 2.5 per cent. For the 
deceleration with and w ithout the 5 per cent I.P. com pressor 
bleed, the AFSREE program  predicted a m ore accurate  shaft
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response than the STFREE did by an average of 5 per cent. The 
STFREE program  predicted not only a slow er L.P. shaft speed 
response but also a higher final stabilizing speed. The H.P. shaft 
speed response did not show any significant difference between 
the two com puter models.
The Outer Fan behaviour, during all transients exam ined, was 
w ithout any doubt better predicted by the AFSREE program , as 
was c le a rly  show n in the re le v a n t F ig u re s  d u ring  the 
com parison .
The Inner Fan and I.P . com pressor p red ic tions of both 
programs were in good agreement with the engine. The STFREE 
program  predicted a slightly better response than the AFSREE 
did during the very first part of the Acceleration by 2.7 per cent 
in term s of d ifference in pressure ratio  at a particu lar non- 
dim ensional speed, but on the o ther hand predicted  a low er
maximum point of operation than the AFSREE predicted and the 
Real engine achieved. The difference is of the order of 5 per cent
in terms of an average deviation in both pressure ratio  and non
dim ensional speed. S ign ifican t d iffe ren ce  betw een  the  tw o 
p red ic tions ex ists also during the  very  f irs t p a rt o f the
deceleration(first second) but it should be noted, for the STFREE 
program, that the inclusion of the 5 per cent I.P. bleed improved 
the agreem ent with the Real engine behaviour of the com bined 
Inner Fan and I.P. compressor.
The inclusion  of the I.P. b leed im proved also the H .P. 
com pressor pred ictions of both program s but in general the 
behaviour predicted by the STFREE program  was closer to the 
Real engine one.
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From  the com parison that was carried out in the present 
chapter it can be concluded that the AFSREE program  gave a 
b e tte r rep resen ta tion  of the actual eng ine 's b eh av io u r and 
especially for the "L.P. system", (L.P. shaft, Outer Fan, Combined 
Inner Fan and I.P. compressor), which was also confirm ed by the 
results of the "Bodie" comparison. The STFREE program  predicted 
a more realistic "H.P. system", (H.P. shaft and H.P. com pressor), 
for the acceleration and the deceleration but not for the "Bodie" 
tra n s ie n t.
At this stage, as the final part of the comparison of the two 
computer models, it is very im portant to examine the com puting 
running tim e required by the two program s for each of the 
transients. The table below shows the OCP tim e(in seconds) used 
by the two com puter m odels for all the transients sim ulated in 
the current com parison.
OCP TIME
Program A cce l Decel Bodie AcceL/Bleed Dec./Bleec
AFSREE 9 7 .5 6 6 8 .6 0 8 6 .6 3 7 5 .6 5 9 1 .2 1
STFREE 1 4 2 .9 7 1 2 2 .8 0 1 9 3 .8 5 1 3 3 .0 7 1 8 4 .5
T ab le(4 .4 .4 )
From  the com puting tim es tabulated above, it can be seen 
that the AFSREE program is significantly faster than the STFREE 
one during all transients by an average of 45 per cent. For the 
simulation of the "Bodie", the latter required an excessive 193.8 
seconds, while the AFSREE required ju st 86.6 seconds showing 
thus a faster simulation by 55 per cent.
In view of the results obtained from the com parison of the 
two com puter models and also their computing running tim es it
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can be concluded that the AFSREE program, and the modelling of 
the Fan on which it is based, gives a satisfactory and economic 
represen tation  of a typical Turbofan engine. It w ill thus be 
satisfactory for use in further investigation necessary to improve 
the m odelling of Turbofan engines.
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CHAPTER V
CONCLUSIONS AND FURTHER INVESTIGATION
The d ifferent Fan treatm ents considered during the current 
investiga tion  w ere successfu lly  rep resen ted  in com pu ta tional 
m odels. The program s developed were based on the G eneral 
com puter model for the prediction of the transient perform ance 
of Gas turbines, developed by Pilidis and Maccallum, R ef.(33).
A m ajor problem  encountered during the research, was the 
d ifficu lty  in achieving  * convergence  of each new  p rogram  
developed. The development of a computer model proved to be a 
very time consuming research not only for the reason m entioned 
above but also due to the fact that each program  requ ired
considerab le  com puting running  tim e m ainly because of the 
com plexity  of the engine and the large num ber of ite rations
requ ired  un til convergence is achieved. D epending  on the 
com plex ity  of the Fan trea tm en t there  was a p en a lty  in 
com puting running time.
A fter the computer m odels were developed the next step was 
to incorporate the "Real Engine Effects" which were discussed 
extensively  in the current thesis. The incorporation  of these
effects and particularly  of the H eat transfer effects, increase  
significantly the computing running time of the program s. It was 
thus decided to compare the program s one with another in their 
sim pler adiabatic form s. Such com parison  was done in the 
second chapter which reduced the num ber of program s, from
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seven in itially , down to five. The program s excluded at that 
stage were the AFSPSH (Adjusting the Factor of S P lit considering 
also the S H ear stress between the flows just after the Fan) which 
predicted results sim ilar to the AFCSP (A djusting the F a C to r of 
SPlit) but was significantly more complex, and also the FFSCCH 
(Fixed Factor of S_plit considering Com bined Inner Fan and I.P. 
com pressor C H arac teristics) which predicted  results sim ilar to 
the FFCSP (Fixed FaCtor of SPlit).
Next, for the rem aining five program s, a com parison was 
carried out among them on a basis of exam ination as to which 
program  or program s would predict the more reasonable results. 
From the com parison carried out two program s were selected to 
incorporate the "Real Engine E ffects". Both p rogram s-in itia lly  
labelled AFCSP and STKFAN (STacK ing of the F A N  concept)-use 
different methods to allow for an interaction of the flow between 
the Inner and the Outer sections of the Fan.
The AFCSP program  (re-named AFSREE after the inclusion of 
the Real Engine Effects) was used to show the significance of the 
incorporation of the variation of the Specific Heat Capacity(Cp). 
All the com putational m odels in itia lly  incorporated  a varying 
specific heat capacity as a function of tem perature only. This was 
im proved and the specific heat capacity  was considered  as a 
function of tem perature and fuel to air ratio. The AFCSP program  
was used to predict the Sea level, M ach=0.2, steady running as 
w ell as tran sien t perform ance firs tly  w ith no v aria tio n  in 
Specific H eat capacity(Cp). Secondly, the Cp was allowed to vary 
as a function of temperature and fuel to air ratio but using the so 
called "once through calculation m ethod". As final im provem ent,
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the Cp was allowed to vary in the same way as described above 
but now the method of "successive approximations" was used to 
calcu late  an even better Cp value. The com parison of the 
d ifferen t m ethods showed that if  no varia tion  of the Cp is 
allow ed then the program  p red ic ted  a h igher Specific  Fuel 
Consum ption(SFC) by 2 per cent than the one predicted by the 
more accurate "successive approxim ations" method. The m ethod 
of successive approximations was used thereafter in the study.
The program AFSREE was also used to show the significance of 
the incorporation of the Heat T ransfer effects. The m odels for 
these Heat Transfer Effects which were included in the transient 
program  were those that had been developed by June 1988. 
Subsequent and future developm ents of these therm al m odels 
are discussed under the proposals for future research  in the 
current Chapter. The program  was used to predict the steady 
running, acceleration and deceleration perform ance at Sea level, 
M ach=0.2, with and w ithout the heat transfer effects. The m ost 
s ig n ifican t d isc rep an cies  be tw een  the ad iab a tic  and  non- 
adiabatic predictions were shown during the deceleration . The 
ad iabatic  tra jec to ry  o f the com bined  Inner Fan and I.P . 
com pressor was raised tow ards the surge line(h igher p ressu re  
ratios) by approximately 9 per cent. For the H.P. com pressor the 
non-adiabatic cold acceleration trajectory  prediction  show ed a 
greater surge m argin, than the adiabatic one, of the order o f 7 
per cent. S ignificant discrepancies w ere also pred icted  in the 
th ru st response . The ad iabatic  th ru st response  d u rin g  the 
acceleration appeared slow er than the non-adiabatic one by a 
maximum of 3.5 per cent. In the case of the deceleration, the 
adiabatic thrust response was faster than the the non-adiabatic
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one in the order of 14 per cent.
The above m entioned comparisons confirm ed the significance 
of the incorporation of the "Real Engine effects" in any computer 
m odel.
Finally, after the inclusion of the above m entioned effects, the 
two program s AFCSP and STKFAN (renam ed as AFSREE and 
STFREE) w ere used to p red ic t both  the acce lera tio n  and
deceleration as well as "Bodie" results at an altitude of 43,000ft. 
and Mach equal to 0.8. These were also the conditions under 
which a Real engine has been tested.
There were certain reasons for which the two program s could 
not predict exactly the same results as the real engine and hence 
the com parison  had to be based  on w hich  o f the two
com putational m odels would generally p red ic t m ore accurately  
the behaviour of the Real engine. The degree o f accuracy of 
results was taken into account only in the cases w here there was 
a good agreem ent betw een the Real engine test data  and the 
predictions of the models.
T he p ro g ram s p re d ic te d  f i r s t  the  a c c e le ra tio n  and 
deceleration results at the above mentioned conditions. From  the 
com parison of the results, especially those of the deceleration, 
there w ere reasons, w hich w ere exp la ined  in the p rev ious 
Chapter-(section 4.4.2), that indicated the possible ex istence of 
an I.P. com pressor leak of air to the by-pass duct. Since no 
inform ation was available from the m anufacturers o f the Real
engine about the existence of an I.P. bleed, it was thus decided to
include a 5 per cent bleed in both p rogram s. The above 
m entioned transients were perform ed again for the sam e flight
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conditions. This decision tested the reliability  of the sim ulators 
even fu rther than ju s t pred icting  the behaviour of the Real 
engine. If the assumption was correct then the predictions of the 
program s, in com parison to the Real engine resu lts , should 
im prove. From  the investigation  carried  out(see section  4.4,
Table 4.4.2) it was evident that the "leak" would becom e more
effective during the deceleration than during the acceleration . 
The sim ulators were proved successful since the incorporation of 
the 5 per cent I.P. compressor bleed im proved significantly their 
deceleration  predictions and especially  those of the AFSREE 
program . Hence the program s developed, not only successfully  
predicted the behaviour of the Real engine but also predicted a 
fault or a feature that was not included during the construction 
of the programs.
The AFSREE program , in general, predicted m ore accurately 
the behaviour of the Real engine with and without the 5 per cent
I.P. compressor bleed, and the same was the case for the "Bodie" 
tra n s ie n ts .
The p red ic tions of the two selected  program s and the ir
c o m p ariso n s  w ith  the R eal en g in e  b eh av io u r a re  now  
sum m arised . For the acce lera tion , both program s p red ic ted  
sign ifican tly  faster L.P. and H .P. shaft speed responses by
approxim ately  60 per cent. The deceleration  shaft response  
p red ic tions of the AFSREE program  could be regarded  as 
successful since the d iscrepancy(slow er prediction) here was of 
the order o f 10 per cent. The STFREE program , fo r the 
deceleration , was even slow er than the AFSREE m odel and 
predicted also a higher final stabilising speed.
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Turning now to the Outer Fan com parison, although there 
were significant discrepancies betw een the sim ulators and the 
Real engine test results, the AFSREE program  predicted more 
accurately the unexpected behaviour of the Real engine during 
the first part of the deceleration (see Chapter IV).
For the com bined Inner Fan and I.P . com presso r, both
program s pred icted  results in very good agreem ent w ith the
Real engine's test results. The STFREE program  predicted slightly
more accurate results during the first part of the transient(by
2.7 per cent in pressure ratio difference). On the other hand it
predicted a low er maximum stabilising speed than the AFSREE
p rog ram  p re d ic te d  and the  R eal e n g in e  a c h ie v e d , by
♦
approxim ately 5 per cent.
D iscrepancies betw een sim ulators and R eal eng ine  also 
appeared in the H.P. compressor comparison, but the inclusion of 
the 5 per cent I.P. com pressor bleed improved the predictions of 
both program s. Again the STFREE program  was slightly  m ore 
accurate by 0.7 per cent. The "Bodie" predictions of the AFSREE 
program were much closer to the behaviour of the Real engine.
Proposals for Further Research:
The decision in selecting the best com putational m odel could 
not be based on how accurately the m odels predicted the Real 
engine results, but on a more general observation on which one 
successfully predicted the behaviour of the engine. The reasons 
for th is lim ita tion  in the com parison was the ex istence  of 
significant d iscrepancies betw een the sim ulators and the Real 
engine results, m ainly in the H.P. system and the shafts speed 
responses (acceleration).
Severa l fac to rs  co n trib u ted  in the ex is te n ce  o f th ese
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d isc rep a n c ie s :-
m  F irstly  it should be noted tha t the H .P. com pressor 
c h a ra c te r is t ic s  p ro v id ed  fo r  th e  d e v e lo p m e n t o f the  
co m p u ta tio n a l m odels in the c u rre n t re sea rch , w ere the 
characteristics of a Turbofan engine still under developm ent. 
L ater, when the first test data of the sam e engine becam e 
available, it was found that the H.P. com pressor characteristics 
used in the com putational models differed significantly from  the 
R eal en g in e 's— o n es. T h is w as d iscus sed in the separa te  
report(unpublished) included in A ppendix D and the differences 
in the characteristics were show n in F igure C in the sam e 
A ppendix . Investiga tion  * is thus necessary  to line  up the 
ch arac te ris tic s  used in the com pu tational m odels w ith  the 
characteristics of the Real engine.
(ii) A second reason for the above m entioned discrepancies is 
the fact that both programs used as a base for the calculation of 
the clearances(see Heat transfer effects) the stabilised clearance 
at the instan taneous gas tem pera tu re . This concep t crea ted  
in accu rac ies  depending on the  tran s ie n t under s im u la tio n  
(acceleration or deceleration). A better m ethod was adopted in 
August 1988, Ref(44), which calculated the clearances based on 
their steady running value at the particu lar shaft speed(but not 
the non-dim ensional speed). U nfortunately  tim e did not perm it 
to include this new method into the two program s selected to 
incorporate the Real engine effects, as those had already been 
incorporated and the comparison to the Real engine results had 
been carried out. This developm ent should be included in future 
w ork .
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f i i i )  A th ird  reason-p rob lem  was observed  during  the 
operation of the program  at the start of each transient in both 
program s. P rior to T im e=0.0, when the transien t starts, each 
program  allows for a finite tim e( T im e=-0.2 to T im e=0.0) in 
order to initialise the m etal tem peratures of the com ponents that 
are included in the Heat transfer effects. During that "initializing” 
time it was observed that the starting shafts speeds (L.P. and
H.P.) had drifted away from their initial values. Hence the shafts 
at the start of the transient under investigation  had d ifferent 
kinetic energies from the shafts of the Real engine at the same 
instant. It is thus necessary for future work to ensure same shaft 
speeds at Time equal to 0.0.
(iv l Finally another source for inaccuracy in the predictions of 
the computational models, was the modelling of the heat transfer 
effects in the com bustion  cham ber. As it w as m entioned
earlier(Chapter IV), both program s incorporated a crude m ethod 
for the inco rpo ra tion  o f the heat tran sfe r e ffec ts  in the 
com bustion cham ber which was far from  accurate. In paralle l 
with the current investigation, research has been carried  out in
the U niversity  of G lasgow  to im prove the m odelling  of the 
com bustion cham ber. This m odel, when com plete , should be 
included in the program.
All the above m entioned sources of inaccu rac ies in  the
predictions of the m odels are in need of fu rther investigation  
until perfection  is achieved. Then the com pu ta tional m odel 
which will include these improvements has to be tested  against
the performance of a Real Turbofan engine.
In view of all the reasons which existed fo r d iscrepancies
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between the programs predictions and the Real engine results, it 
could be concluded that the A FSREE program  successfu lly  
predicted  the behaviour of the Real engine w ithin acceptable 
accuracy. It used about half the computing running time that the 
STFREE program needed to simulate the same conditions.
As an epilogue to the investigation carried out, it could be 
m en tioned  that the AFSREE com pu ta tiona l m odel can be 
regarded as the appropriate program  to be used for the further 
investigation  needed to tackle the above m entioned causes of 
inaccuracy. Once these problems are solved, it w ill lead to the 
Ideal M odel which is able to predict accurately and reliably the 
transient perform ance not only of the Turbofan engine but also 
of any Gas turbine.
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FIGURES
Note on Units Used
In all the F igures, the units of the param eters used in the 
graphs are as follows:
(i) Non -dimensional mass flow rate
m  lb / s e c J k
P  2r  lb f/ in
(ii) Thrust in pounds force=lbf.
(iii) Fuel Flow in kilograms per second=kg./sec.
(iv) Shaft speeds in revolutions per second=rev./sec.
(v) Time in seconds=sec.
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FIGURE 45
TYPICAL TURBOFAN ENGINE
COMBINED INNER FAN AND I.P. COMPRESSOR 
WORKING LINES 
AT: SEA LEVEL MACH=0.2
COMPARISON OF RESULTS OF ALL FIVE PROGRAMS
Data from "TABLE 9"
20 80 14040 60 100 120
(  r r v /F )
X p  J  CORE
+ 1 .(P26/P1 )SR =AFCSP PROGRAM .STEADY RUNNING
x 2.(P26/P1)SR = PROGRAM FFCSP STEADY RUNNING
•  3.(P26/P1 )SR =AFSPOF PRGRAM, STEADY RUNNING
- 4.(P26/P1)SR =STFFIX PROGRAM, STEADY RUNNING
□ 5.(P26/P1 )SR =STKFAN PROGRAM, STEADY RUNNING
FIGURE 46
TYPICAL TURBOFAN ENGINE
COMBINED INNER FAN AND I.P. COMPRESSOR 
ACCELERATION TRAJECTORIES 
AT SEA LEVEL. MACH = 0.2
COMPARISON OF RESULTS ALL FIVE PROGRAMS 
Data from "TABLES 9 & 9A"
3.0
STEADY RUNNING LINE 
SIMILAR FOR 
ALL5 PROGRAMS
2.5 _
2.0-
1.5 _
14020 60 80 12040 100
(  mJL)
X p  '  CORE
1.(P26/P1)SR 
+ 1.(P26/P1)Ac 
x  2.(P26/P1)Ac 
•  3.(P26/P1)Ac 
■ 4.(P26/P1 )Ac 
□ 5.(P26/P1)Ac
=AFCSP PROGRAM, STEADY RUNNING LINE 
=AFCSP PROGRAM, ACCELERATION RESULTS
=FFCSP PROGRAM, ACCELERATION RESULTS
=AFSPOF PROGRAM, ACCELERATION RESULTS
=STFFIX PROGRAM, ACCELERATION RESULTS
=STKFAN PROGRAM, ACCELERATION RESULTS
P2
6/
P1
FIGURES 47 & 47A
TYPICAL TURBOFAN ENGINE
COMBINED INNER FAN AND I.P. COMPRESSOR 
DECELERATION TRAJECTORIES 
AT: SEA LEVEL MACH = 0.2 
COMPARISON OF RESULTS OF ALL FIVE PROGRAMS 
Data from 'TABLES 9 & 9A"
3.00
2 .7 5 -
2 .5 0 -
2 .2 5 -
2 .0 0 -
S ee  Fi jure 47A 
bf low
1.75 -
1 .50 -
STEADY RUNNING LINE 
SIMILAR FOR 
ALL 5 PROGRAMS1.25-
1.00
200 40 8060 100 120 140
( m / F )
P CORE
2.8
2.6"
CL
CO
CM „ ,
c l  2.4
2.2"
STEADY RUNNING LINE 
SIMILAR FOR 
ALL5 PROGRAMS
2.0-
80 90 100 110 120 140130
(  m /F )
V P /  CORE
1.(p26/p1)SR
1.(p26/p1)Dc
2.(p26/p1)Dc
3.(p26/p1)Dc
4.(p26/p2)Dc
5.(p26/p1)Dc
= AFCSP PROGRAM, STEADY RUNNING LINE 
=AFCSP PROGRAM, DECELERATION RESULTS 
=FFCSP PROGRAM, DECELERATION RESULTS 
=AFSPOF PROGRAM, DECELERATION RESULTS 
=STFFIX PROGRAM, DECELERATION RESULTS 
=STKFAN PROGRAM, DECELERATION RESULTS
P1
3/
P1
FIGURE 48
TYPICAL TURBOFAN ENGINE
COMPARISON OF OUTER FAN WORKING LINES 
OF ALL FIVE PROGRAMS 
AT SEA LEVEL. MACH = 0.2
Data from "TABLE 11 A"
1.7 _
1.5 _
1 .4 .
1 .3 .
200 2 5 0150 3 0 0 4 0 01 00 3 5 0
(  m / F )
X p  J  OUTER
+ 1.(P13/P1)SR =AFCSP PROGRAM 
2.(P13/P1 )SR =FFCSP PROGRAM 
o 3.(P13/P1 )SR =AFSPOF PROGRAM 
'  4.(P13/P1)SR =STFFIX PROGRAM 
□ 5.(P13/P1 )SR =STKFAN PROGRAM
STEADY RUNNING RESULTS
FIGURE 49
TYPICAL TURBOFAN ENGINE
COMPARISON OF OUTER FAN ACCELERATION TRAJECTORIES 
AT SEA LEVEL. MACH = 0.2
FOR ALL 5 PROGRAMS
Data from "TABLE 11AM
1.8
1.7
1.6
1.5
1.4
1.3
1.2 STEADY RUNNING LINE 
SIMILAR FOR 
ALL 5 PROGRAMS1.1
1.0
2 5 0200 30 0 3 5 0 4 0 01501 00
( r n J T )
'  p  '  BY -P A S S
2.(P13/P1 )SR =FFCSP PROGRAM, STEADY RUNNING LINE 
+ 1 .(P13/P1 )Ac =AFCSP PROGRAM, ACCELERATION RESULTS 
x  2.(P13/P1 )Ac =FFCSP PROGRAM, ACCELERATION RESULTS 
♦ 3.(P13/P1 )Ac =AFSPOF PROGRAM, ACCELERATION RESULTS 
■ 4.(P13/P1 )Ac =STFFIX PROGRAM, ACCELERATION RESULTS 
□ 5.(P13/P1 )Ac =STKFAN PROGRAM, ACCELERATION RESULTS
P1
3/
P1
FIGURES 50 & 50A
TYPICAL TURBOFAN ENGINE
COMPARISON OF OUTER FAN DECELERATION TRAJECTORIES 
AT SEA LEVEL. MACH = 0.2 
FOR ALL 5 PROGRAMS
Data from "TABLE 11 A"
1 .7 -
1 .4 -
see  Figure 50A
below
1 00 20 0 250150 3 0 0 350 40 0
Data from "TABLE 11D"
1.80
1.75-
STEADY RUNNING LINE 
SIMILAR FOR ALL 
5 PROGRAMS
1.70-
1.65-
1.60-
1.55-
1.50-
1.45-
1.40
3 4 5 35 0 355 3 6 0 365 3 8 037 0 3 7 5
( r r v / T )
'  P  B Y - P A S S
• 2.(P13/P1 )SR =FFCSP PROGRAM, STEADY RUNNING RESULTS
+ 1 .(P13/P1 )Dc =AFCSP PROGRAM, DECELERATION RESULTS
x  2.(P13/P1 )Dc =FFCSP PROGRAM, DECELERATION RESULTS
o 3.(P13/P1 )Dc =AFSPOF PROGRAM, DECELERATION RESULTS
■ 4.(P13/P1 )Dc =STFFIX PROGRAM, DECELERATION RESULTS
□ 5.(P13/P1 )Dc =STKFAN PROGRAM, DECELERATION RESULTS
P1
3/
P1
FIGURE 51
TYPICAL TURBOFAN ENGINE
COMPARISON OF OUTER FAN WORKING LINES 
OF ALL FIVE PROGRAMS 
AT : 43.000ft. MACH=0.8
Data from ’TABLES 14 & 14A"
1 .4 -
S ee Figure 51A
3 1 0 32 0 33 0 3 4 0 35 0 3 7 03 6 0
(  m E )
'  p  '  OUTER
1.(P13/P1)SR
2.(P13/P1)SR
3.(P13/P1)SR
4.(P13/P1)SR
5.(P13/P1)SR
=AFCSP PROGRAM 
=FFCSP PROGRAM 
=AFSPOF PROGRAM 
=STFFIX PROGRAM 
=STKFAN PROGRAM
STEADY RUNNING RESULTS
P1
3/
P1
FIGURE 51A
TYPICAL TURBOFAN ENGINE
COMPARISON OF OUTER FAN WORKING LINES 
OF ALL FIVE PROGRAMS
AT : 43.000ft. MACH=0.8
Data from "TABLE 14B'
1.70
1.65-
1.60-
1.55-
1 .50 .
1.45-
1.40-
1.35-
1.30
3 4 4  3 4 6  3 4 8  3 5 0  3 5 2  35 4  3 5 6  3 5 8  3 6 0  3 6 2  3 6 4  3 6 6  3 6 8  3 7 0
(  r h / F  )
'  p  /O U T E R
+ 1.(P13/P1)SR
x 2.(P13/P1)SR 
o 3.(P13/P1)SR 
■ 4.(P13/P1)SR
□ 5.(P13/P1)SR
=AFCSP PROGRAM 
=FFCSP PROGRAM 
=AFSPOF PROGRAM 
=STFFIX PROGRAM 
=STKFAN PROGRAM
STEADY RUNNING RESULTS
P1
3/
P1
FIGURE 52
TYPICAL TURBOFAN ENGINE
COMPARISON OF STEADY RUNNING RESULTS 
AT SEA LEVEL. MACH = 0.2
FOR ALL 5 PROGRAMS 
Data from "TABLE 11B"
1.6  _
1 .4 -
S ee  Figure 52A
1.2-
300 6002 0 0 4 0 0 5 0 0100
+ 1 .(P13/P1 )SR =AFCSP PROGRAM, STEADY RUNNING RESULTS 
x  2.(P13/P1 )SR =FFCSP PROGRAM, STEADY RUNNING RESULTS 
♦ 3.(P13/P1 )SR =AFSPOF PROGRAM, STEADY RUNNING RESULTS 
■ 4.(P13/P1 )SR =STFFIX PROGRAM, STEADY RUNNING RESULTS 
n  5 (P13/P1 )SR =STKFAN PROGRAM, STEADY RUNNING RESULTS
P1
3/
P1
FIGURE 52A
TYPICAL TURBOFAN ENGINE
COMPARISON OF STEADY RUNNING RESULTS 
AT SEA LEVEL. MACH = 0.2
FOR ALL 5 PROGRAMS
Data from "TABLE 11C’
1.7_
1.6 .
1.4
5 2 03 8 0 420 4 6 0 4 8 040 0 440 5 0 0
N.
F
+ 1.(P13/P1)SR =AFCSP PROGRAM
X 2.(P13/P1)SR =FFCSP PROGRAM
o 3.(P13/P1)SR =AFSPOF PROGRAM
■ 4.(P13/P1)SR =STFFIX PROGRAM
□ 5.(P13/P1)SR =STKFAN PROGRAM
STEADY RUNNING RESULTS 
AT THE HIGHER FUEL FLOW RANGE
FIGURES 53 & 53A
TYPICAL TURBOFAN ENGINE
COMPARISON OF DECELERATION RESULTS 
AT SEA LEVEL. MACH = 0.2
FOR ALL 5 PROGRAMS 
Data from "TABLES 11B & 11C"
STEADY RUNNING LINE 
SIMILAR FOR 
ALL5 PROGRAMS
T“
Q.
CO
q l  1 - 4 -
See Ficiure 53A 
be ow
200 3 0 0100 6000 5 0 04 0 0
1.70
STEADY RUNNING LINE1.65-
1.60-r ~
a.coT“
a.
1.55-
1.50-
1.45-
1.40
52 03 8 0 4204 0 0 440 4 8 04 6 0 5 0 0
• 1 .(P13/P1 )SR =AFCSP PROGRAM, STEADY RUNNING LINE
+ 1 .(P13/P1 )Dc =AFCSP PROGRAM, DECELERATION RESULTS
x 2.(P13/P1 )Dc =FFCSP PROGRAM, DECELERATION RESULTS
♦ 3.(P13/P1 )Dc =AFSPOF PROGRAM, DECELERATION RESULTS
■ 4.(P13/P1 )Dc =STFFIX PROGRAM, DECELERATION RESULTS
□ 5.(P13/P1 )Dc =STKFAN PROGRAM, DECELERATION RESULTS
P1
3/
P1
FIGURE 54
TYPICAL TURBOFAN ENGINE
COMPARISON OF STEADY RUNNING RESULTS 
FOR ALL FIVE PROGRAMS 
AT: 43.000ft.. MACH = 0.8
Data from 'TABLE 14 & 14A"
1.7
1.6
1.5
1.4
1.3
1.2
1.1
3803 0 0 3 2 0 34 0 36 0 4 0 0 4 2 0 4 8 04 4 0 4 6 0 5 0 0
+ 1.(P13/P1)SR 
X 2 (P13/P1)SR 
o 3.(P13/P1)SR 
■ 4.(P13/P1)SR
□ 5.(P13/P1)SR
=AFCSP PROGRAM 
=FFCSP PROGRAM 
=AFSPOF PROGRAM 
=STFFIX PROGRAM 
=STKFAN PROGRAM
STEADY RUNNING RESULTS
P1
3/
P1
FIGURE 55
TYPICAL TURBOFAN ENGINE
COMPARISON OF DECELERATION RESULTS 
OF ALL FIVE PROGRAMS 
AT : 43.000ft.. MACH = 0.8
1.6
DATA FROM "TABLES 14 &14A'
1 .5 -
1 .4 -
1 .3 -
1.2-
1.1
DECELERATION
—' 1------ ' 1---1 1---1 1—
3 0 0  3 2 0  3 4 0  3 6 0  380
--- 1---
4 0 0
A .A
—I---- '----1
4 2 0  4 4 0
“ I 1 1—
4 6 0  4 8 0
+ 1.(P13/P1)Dc =AFCSP PROGRAM
x 2.(P13/P1)Dc =FFCSP PROGRAM
o 3.(P13/P1)Dc =AFSPOF PROGRAM
■ 4.(P13/P1)Dc =STFFIX PROGRAM
□ 5.(P13/P1)Dc =STKFAN PROGRAM
DECELERATION RESULTS
50 0
FIGURES 56 & 56A
TYPICAL TURBOFAN ENGINE
COMPARISON OF ACCELERATION RESULTS 
AT SEA LEVEL MACH = 0.2
FOR ALL5 PROGRAMS
Data from "TABLES 11B & 11C"
1 .4 - S ee  Figure 56A below
1.0
200100 3 0 0 40 0 60 05 0 0
nlA / ^
1.73-
T"Q.
1.63-
-»■ STEADY RUNNING LINE 
SIMILAR FOR ALL 
5 PROGRAMS1.58-
1.53
4 3 0410 5 1 0450 4 9 04 7 0
• 1 .(P13/P1 )SR =AFCSP PROGRAM, STEADY RUNNING RESULTS
+ 1 .(P13/P1 )Ac =AFCSP PROGRAM, ACCELERATION RESULTS
x  2.(P13/P1)Ac =FFCSP PROGRAM, ACCELERATION RESULTS
o 3.(P13/P1 )Ac =AFSPOF PROGRAM, ACCELERATION RESULTS
■ 4.P13/P1 )Ac =STFFIX PROGRAM, ACCELERATION RESULTS
□ 5.(P13/P1 )Ac =STKFAN PROGRAM, ACCELERATION RESULTS
P1
3/
P1
FIGURE 57
TYPICAL TURBOFAN ENGINE
COMPARISON OF ACCELERATION RESULTS 
FOR ALL FIVE PROGRAMS 
AT : 43.000ft.. MACH = 0.8
Data from "TABLES 14 & 14A"
1.7
1.6
1.5
1.4 S ee Figure 57A
1.3
1.2
1.1
3 4 0  3 6 0  3 8 0  4 0 0  4 2 032030 0 4 8 0 50 044 0 4 6 0
+ 1.(P13/P1)Ac 
X 2.(P13/P1)Ac 
o 3.(P13/P1)Ac 
■ 4.(P13/P1)Ac 
□ 5.(P13/P1)Ac
=AFCSP PROGRAM, ACCELERATION RESULTS 
=FFCSP PROGRAM, ACCELERATION RESULTS 
=AFSPOF PROGRAM, ACCELERATION RESULTS 
=STFFIX PROGRAM, ACCELERATION RESULTS 
=STKFAN PROGRAM, ACCELERATION RESULTS
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FIGURE 57A
ENLARGED SECTION OF FIGURE 57
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FIGURE 58
TYPICAL TURBOFAN ENGINE
COMPARISON OF DECELERATION TRAJECTORIES 
FOR ALL FIVE PROJECTS 
AT: 43.000ft.. MACH = 0.8
1.6
Data from 'TABLES 14 & 14A'
1 .5 -
1 .4 -
1 .3 -
1.2
1.1
DECELERATION
■» 1------1 1—
3 4 0  35 0
t------1—
3 8 031 0 320 33 0
^ m /T  )
I r
36 0
OUTER
3 7 0
+ 1.(P13/P1)Dc 
x  2.(P13/P1)Dc 
o 3.(P13/P1)Dc 
■ 4.(P13/P1)Dc
□ 5.(P13/P1)Dc
=AFCSP PROGRAM DECELERATION RESULTS 
=FFCSP PROGRAM DECELERATION RESULTS 
=AFSPOF PROGRAM DECELERATION RESULTS 
=STFFIX PROGRAM DECELERATION RESULTS 
=STKFAN PROGRAM DECELERATION RESULTS
FIGURE 59
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FIGURE 60
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FIGURE 61
TYPICAL TURBOFAN ENGINE
COMPARISON OF THRUST RESPONSE WITH TIME 
FOR ALL FIVE PROGRAMS 
DURING AN ACCELERATION AT : 43.000ft.. MACH = 0.8
Data from ’’TABLES 14 & 14A"
1800
1500-
1 2 0 0 -
9 0 0 -
6 0 0 -
300
0 .0  1.0 2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0  9 .0  1 0 .0  1 1 .0  1 2 .0  13.0
TIME
+ 1 .(THRUST)Ac = AFCSP PROGRAM, ACCELERATION RESULTS 
X 2.(THRUST)Ac = FFCSP PROGRAM, ACCELERATION RESULTS 
o 3.(THRUST)Ac = AFSPOF PROGRAM, ACCELERATION RESULTS 
■ 4.(THRUST)Ac = STFFIX PROGRAM, ACCELERATION RESULTS 
□ 5.(THRUST)Ac = STKFAN PROGRAM, ACCELERATION RESULTS
P3
/P
26
FIGURE 62
TYPICAL TURBOFAN ENGINE
COMPARISON OF H.P. COMPRESSOR WORKING LINES 
AT : SEA LEVEL MACH = 0.2
FOR ALL 5 PROGRAMS
Data from "TABLE 12’
7.0
6.5 _
6.0 _
5.5 _
5.0 _
4.5 _
4.0 _
3.5 _
3.0 _
2.5 _
2.0
20 25 30 35 4 0 45 50 5 5 60
(  jtv/ l )
p  H.P. C o m p r e s s o r
+ 1 .(P3/P26)SR 
X 2.(P3/P26)SR 
o  3.(P3/P26)SR 
■ 4.(P3/P26)SR
□ 5.(P3/P26)SR
=AFCSP PROGRAM 
=FFCSP PROGRAM 
=AFSPOF PROGRAM 
=STFFIX PROGRAM 
=STKFAN PROGRAM
STEADY RUNNING RESULTS
P3
/P
26
FIGURE 63
TYPICAL TURBOFAN ENGINE
COMPARISON OF H.P. COMPRESSOR TRANSIENT TRAJECTORIES 
AT SEA LEVEL. MACH = 0.2 
FOR ALL 5 PROGRAMS
Data from "TABLE 12"
8
7
Acceleration
6
Steady Running Line 
similar for 
all 5 programs5
Deceleration
4
3
2
1
2 520 301 0 15 3 5 40 45 5 0 5 5 60
(  m / F  )
p  H.P. C o m p r e s s o r
1 .(P3/P26)SR =AFCSP PROGRAM, STEADY RUNNING LINE 
1 .(P3/P26)Ac =AFCSP PROGRAM, ACCELERATION AND DECELERATION RESULTS
2.(P3/P26)Ac =FFCSP PROGRAM, ACCELERATION AND DECELERATION RESULTS
3.(P3/P26)Ac =AFSPOF PROGRAM, ACCELERATION AND DECELERATION RESULTS
4.(P3/P26)Ac =STFFIX PROGRAM, ACCELERATION AND DECELERATION RESULTS
5.(P3/P26)Ac =STKFAN PROGRAM, ACCELERATION AND DECELERATION RESULTS
TH
R
U
ST
FIGURE 64
TYPICAL TURBOFAN ENGINE
COMPARISON OF CHANGE OF THRUST WITH TIME DURING 
A DECELERATION AT : SEA LEVEL MACH = 0.2 
FOR ALL5 PROGRAMS
Data from "TABLE 13’
12000
10000 _
8000 _
6000
4000 _
2000 _
148 122 4 6 1 00
TIME
+ 1.(THRUST)Dc =AFCSP PROGRAM 
x  2.(THRUST)Dc =FFCSP PROGRAM 
o 3.(THRUST)Dc =AFSPOF PROGRAM 
■ 4.(THRUST)Dc =STFFIX PROGRAM 
□ 5.(THRUST)Dc =STKFAN PROGRAM
DECELERATION RESULTS
TH
R
U
ST
FIGURE 65
TYPICAL TURBOFAN ENGINE
COMPARISON OF CHANGE OF THRUST WITH TIME DURING 
ACCELERATION AT: SEA LEVEL. MACH=0.2 
FOR ALL FIVE PROGRAMS
Data from "TABLE 13"
12000
10000
8000
6000
4000
2000
141 2842 6 1 00
TIME
+ 1.(THRUST)Ac 
x  2.(THRUST)Ac 
♦ 3.(THRUST)Ac 
■ 4.(THRUST)Ac 
□ 5.(THRUST)Ac
= AFCSP PROGRAM 
= FFCSP PROGRAM 
= AFSPOF PROGRAM 
= STFFIX PROGRAM 
= STKFAN PROGRAM
ACCELERATION RESULTS
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FIGURE 65A
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FIGURE 65B
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FIGURES 67&68
TYPICAL TURBOFAN ENGINE
COMPARISON OF CHANGE OF L.P. AND H.P. SHAFT SPEEDS
WITH THRUST 
DURING STEADY RUNNING AT SEA LEVEL MACH=0.2 
FOR DIFFERENT Cd EVALUATION METHODS
Data from "TABLE 15”
9000
8000 -
7000 -
6000 -
5000 -
4000
2 0 0 0  4 0 0 0  6 0 0 0  8 0 0 0  1 0 0 0 0  1 2 0 0 0  1 4 000
THRUST lb.
12000 -
11600 -
11200 -
10800 -
10400 -
10000
4 0 0 0 120002000 6000 8 0 0 0 1 0 0 0 0
THRUST lb.
□ NLNC = No variation of Cp
x  NL.R = Once through calculation method of Cp
+ NL.IC = Successive approximations method
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FIGURE 70
TYPICAL TURBOFAN ENGINE
COMBINED INNER FAN AND I.P. COMPRESSOR 
COMPARISON OF STEADY RUNNING LINES BETWEEN
ADIABATIC AND NON-AD1ABAT1C PREDICTIONS OF 
PROGRAM AFSREE 
AT: SEA LEVEL MACH=0.2
Data from "TABLE 18"
4.0
3.5 _
3.0 _
2.5 _
2.0 _
0.5
20 40 800 16060 100 120 140
CORE'
+ SR.PR-AD = ADIABATIC PREDICTIONS
♦ SR.PR-HT = PREDICTIONS INCLUDING HEAT TRANSFER EFFECTS
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FIGURES 75
TYPICAL TURBOFAN ENGINE
COMPARISON OF THRUST RESPONSE WITH TIME 
DURING A DECELERATION 
AT SEA LEVEL. MACH=0.2
Data from "TABLE 21"
12000  -
11000
10000
9000
8000
7000
6000
5000
4000
3000
2000
1000
0.0  1.0 2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0  9 .0  10 .0  11 .0  12 .0  13 .0
TIME sec .
♦ THR.DC-HT = AFSREE PROGRAM PREDICTIONS-NON ADIABATIC 
+ THR.DC-AD = AFSREE PROGRAM-ADIABATIC PREDICTIONS
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FIGURES 76 & 77 
TYPICAL TURBOFAN ENGINE
COMPARISON OF THRUST RESPONSE WITH TIME
DURING A DECELERATION 
AT SEA LEVEL. MACH=0.2
Data from ’’TABLE 21"
13000 
12000 
11000 
10000 
9000 
8000 
7000 
6000 
5000 
4000 
3000 
2000 
1000
0 .0  0 .5  1.0 1.5 2 .0
TIME sec.
600
500
400
300
200
100
0
3 .5  4 .5  5 .5  6 .5  7 .5  8 .5  9 .5  10 .5  11 .5  12 .5  13.5
TIME sec.
♦ TH.DC.HT.L = AFSREE PROGRAM PREDICTIONS-NON ADIABATIC 
+ TH.DC.AD.L = AFSREE PROGRAM-ADIABATIC PREDICTIONS
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FIGURE 78
8000
7500
7000
6500
6000
5500
5000
COMPARISON OF CHANGE OF L.P. SHAFT SPEED 
WITH TIME
DURING A "COLD" ACCELERATION AT 43.000ft. 
MACH=0.8
Data from "TABLE 23"
► ♦ ♦ ft •  ■ ■ P 8
nnH 0
+
_ Q 0 " '  |
AFSREEPROGRAM.
i ++++++^”H"AihWP+++ + + +   + + f +
t I ++++++
♦ • □* □
t  □ STFREEPROGRAM
REAL ENGINE TEST RESULTS
♦ □□
+ □
+□
Ifi
n ,------ « ,---   1---- 1-1-------1-1------- i-1-------1-1------- 1-1-------■-1--- ■ J—i 1------   1-«----1—
1.0 1.0 2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0  9 .0  10 .0  1 1.0 12 .0  13 .0
TIME sec .
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
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FIGURE 79
COMPARISON OF CHANGE OF H.P. SHAFT SPEED
WITH TIME
DURING A "COLD” ACCELERATION AT 43.000ft. 
MACH=0.8
Data from "TABLE 23"
12000
11800 -
STFREE PROGRAM
11600 -
11400 -
11200  -
11000 -
10800 -
AFSREE PROGRAM
10600 -
10400 -
10200
10000 REAL ENGINE TEST RESULTS
9800 -
9600
9400
0 .0  1.0 2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0  9 .0  10 .0  11 .0  1 2 .0  13 .0
TIME sec .
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
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D 
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FIGURE 80
COMPARISON OF L.P. vs. H.P. SHAFT SPEED RESPONSE
DURING A "COLD" ACCELERATION AT 43.000ft. 
MACH=0.8
Data from "TABLE 23"
12000
AFSREEPROGRAM
11500 -
11000  -
STFREE PROGRAM
10500 -
REAL ENGINE TEST RESULTS
10000 -
9500 -
9000
800 05 5 0 0 650 0 7 0 0 0 75 0 060005 0 0 0
L.P. SHAFT SPEED rev./min.
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
FIGURE 81
1.8
13
1.7 -
1.6  -
1.5 -
1.4 -
1.3 -
1.2 -
1.1
COMPARISON OF OUTER FAN PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A "COLD" ACCELERATION AT 43.000ft.
MACH=0.8 
Data from "TABLE 23"
REAL ENGINE TEST RESULTS.
□ *
□ 4*
□ +♦
□ ♦
□ +■
□ +
□ u ♦ 
♦ +
1— '— I--------1— l-'— I 1— r— ■--- 1----■— r
3 0 0  32 0  34 0  3 6 0  3 8 0  4 0 0  4 2 0  44 0
N.
i— ■— r
4 6 0  4 8 0  50 0
f t
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
FIGURE 82
COMPARISON OF COMBINED INNER FAN 
AND I.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A "COLD" ACCELERATION AT 43.000ft.
MACH=0.8 
Data from "TABLE 23"
3.00
2 .7 5 -
26
P
2 .50 -
2 .25 -
REAL ENGINE RESULTS
2 .0 0 -
+♦
SIMULATION
1.75-
1.50
3 0 0  3 2 0  3 4 0  36 0  38 0  4 0 0 4 2 0 50 04 4 0  4 6 0  4 8 0
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
FIGURE 83
COMPARISON OF H.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A ,,COLD” ACCELERATION AT 43.000ft.
MACH=0.8
Data from "TABLE 23"
8.0
7 .5 -
REAL ENGINE RESULTS
7 .0 -
6 .5 -
6 .0 -
5 .5 -
5 .0 - SIMULATION
4 .5 -
4.0
660580 60 0 6 2 05 6 0 6405 4 0
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
FIGURE 84
COMPARISON BETWEEN PREDICTED 
AND ACTUAL TEST RESULTS
DURING A "COLD” ACCELERATION AT 43.000ft. 
MACH=0.8
Data from "TABLE 23"
2.6
2 .5 -
2 .4 -
REAL ENGINE TEST RESULTS
2 .3 -
2 .2 -
SIMULATION2 .0 -
1 .7 -
1 .5 -
1.4
3 0 0  32 0  3 4 0  360  38 0  4 0 0  4 2 0  4 4 0  4 6 0  4 8 0  5 0 0  5 2 0  5 4 0  5 6 0  5 8 0  600
 L_
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
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FIGURE 85
COMPARISON OF CHANGE OF L.P. SHAFT SPEED
WITH TIME
DURING A DECELERATION AT 43.000ft. 
MACH=0.8
Data from "TABLE 24"
8500
8000 -
7500 -
7000 -
6500 -
6000 -
5500 -
5000
0 .0  1.0 2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0  9 .0  1 0 .0  1 1 .0  12 .0  13.0
TIME sec.
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
* = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
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FIGURE 86
COMPARISON OF CHANGE OF H.P. SHAFT SPEED
WITH TIME
DURING A DECELERATION AT 43.000ft. 
MACH=0.8
Data from "TABLE 24"
11800
11600 -
11400 -
11200 -
11000 -
10800 -
10600 -
10400 -
10200 -
10000 -
9800
0.0  1.0 2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0  9 .0  10 .0  1 1 .0  1 2 .0  13 .0
TIME sec.
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
* = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
H.
P.
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D 
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FIGURE 87
COMPARISON OF L.P. vs. H.P. SHAFT SPEED RESPONSE
DURING A DECELERATION AT 43.000ft. 
MACH=0.8
Data from "TABLE 24"
11700
11500 -
11300 -
11100  -
10900 -
10700 -
10500 -
10300 -
10100  -
9900 -
9700
7 80 05 8 0 0 620 0 7 4 0 05 4 0 0 660 0 7 0 0 05 0 0 0
L.P. SHAFT SPEED rev./min.
0 = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
FIGURE 88
COMPARISON OF OUTER FAN PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A DECELERATION AT 43.000ft.
MACH=0.8 
Data from "TABLE 24"
1.80
1.75- REAL ENGINE TEST RESULTS
1.70-
1.65-
1.60-
1.55-
1.50- AFSREE PROGRAM
1.45-
1.40-
1.35-
1.30-
STFREE PROGRAM
1.25-
1.20
3 0 0  32 0  3 4 0  36 0  3 8 0  4 0 0  4 2 0  4 4 0  46 0  4 8 0  5 0 0  5 2 0  5 4 0
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
FIGURE 89
COMPARISON OF COMBINED INNER FAN
AND I.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS
DURING A DECELERATION AT 43.000ft. 
MACH=0.8
Data from ’’TABLE 24”
4 -
30 0  32 0  3 4 0  3 6 0  3 8 0  4 0 0  4 2 0  4 4 0  4 6 0  4 8 0  5 0 0  5 2 0  540
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
FIGURE 90
COMPARISON OF H.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A DECELERATION AT 43.000ft. 
MACH=0.8
Data from "TABLE 24"
7.5
7 .0 - STFREE PROGRAM
AFSREE PROGRAM6 .5 -
6 .0 -
5 .5 -
REAL ENGINE TEST RESULTS
5 .0 -
4 .5 -
4.0
6205 8 0 61 057 0 5 9 055 0 560 600
N
__u
°  = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
FIGURE 91
COMPARISON BETWEEN PREDICTED 
AND ACTUAL TEST RESULTS
DURING A DECELERATION AT 43.000ft. 
MACH=0.8
Data from "TABLE 24"
2.6
2 .5 -
2 .4 -
REAL ENGINE TEST RESULTS
2 .3 -
2 .2 -
01
2 .0 -
AFSREEPROGRAM
STFREE PROGRAM
3 4 0  36 0  3 8 0  4 0 0  4 2 0  4 4 0  4 6 0  4 8 0  5 0 0  5 2 0  5 4 0  56 0
N
t :
0 = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
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FIGURE 92
COMPARISON OF CHANGE OF L.P. SHAFT SPEED
WITH TIME
DURING A "COLD” ACCELERATION AT 43.000ft. 
MACH=0.8
WITH 5% I.P. COMPRESSOR BLEED 
D ata from  "TABLE 25"
8000 
7800 
7600 
7400 
7200 
7000 
6800 
6600 
6400 
6200 
6000 
5800 
5600 
5400 
5200 
5000
0 .0  1 .0  2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0  9 .0  10 .0  1 1 .0  12 .0  13 .0
TIME sec .
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
AFSREE PROGRAM.
t ♦ * " + + + + + + i ffl9 + + + + + +  + + + + + + + +t
+*
+ ♦
+♦
STFREE PROGRAM
REAL ENGINE TEST RESULTS♦ □
+ . B
□
♦ □
+ □
+ □
+□ 
ifl
t— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— r
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FIGURE 93
COMPARISON OF CHANGE OF H.P. SHAFT SPEED
WITH TIME
DURING A "COLD" ACCELERATION AT 43.000ft.
MACH=0.8 
WITH 5% I.P. COMPRESSOR BLEED
Data from "TABLE 23"
12000 
11800 
11600 
11400 
11200 
11000 
10800 
10600 
10400 
10200 
10000 
9800 
9600 
9400 
9200 
9000
0.0  1.0 2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0  9 .0  10 .0  1 1 .0  1 2 .0  13 .0
TIME sec .
0  = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
* = STFREE PROGRAM PREDICTION____________
♦ ? ? * * * *  STFREE PROGRAM
* t
□ AFSREE PROGRAM
i  □□
□
*
qH REAL ENGINE TEST RESULTS
\
□
♦ □
□
H.
P.
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FIGURE 94
COMPARISON OF L.P. vs. H.P. SHAFT SPEED RESPONSE
DURING A "COLD" ACCELERATION AT 43.000ft. 
MACH=0.8 
WITH 5% I.P. COMPRESSOR BLEED
Data from 'TABLE 25"
2000
AFSREE PROGRAM1800-
1600-
1400-
1200 -
1000 - STFREE PROGRAM
0800-
0600-
0400-
REAL ENGINE TEST RESULTS0200 -
0000 -
9800-
9600-
9400
78 0 05 8 0 0 6200 66 0 0 7 0 0 05 4 0 0 7 4 0 05 0 0 0
L.P. SHAFT SPEED rev./min.
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ =STFREE PROGRAM PREDICTION
FIGURE 95
COMPARISON OF OUTER FAN PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A "COLD” ACCELERATION AT 43.000ft.
MACH=0.8 
WITH 5% I.P. COMPRESSOR BLEED
Data from "TABLE 25"
7 -
REAL ENGINE TEST RESULTS
6 -
5 -
4 -
3 -
♦ +2 -
3 2 0  340  3603 0 0 3 8 0 4 0 0  4 2 0  4 4 0 50 04 8 04 6 0
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ =S7FREE PROGRAM PREDICTION
FIGURE 96
COMPARISON OF COMBINED INNER FAN
AND I.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A "COLD" ACCELERATION AT 43.000ft.
MACH=0.8 
WITH 5% I.P. COMPRESSOR BLEED
Data from 'TABLE 25"
2.8 
2.6 
2.4 
2.2 
2.0
1.8
1.6
1.4
3 0 0  3 2 0  3 4 0  3 6 0  3 8 0  4 0 0  4 2 0  4 4 0  4 6 0  48 0  5 0 0
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS 
♦ = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
REAL ENGINE RESULT!
SIMULATION
FIGURE 97
COMPARISON OF H.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A "COLD” ACCELERATION AT 43.000ft. 
MACH=0.8 
WITH 5% I.P. COMPRESSOR BLEED
Data from "TABLE 25'
8.0
7.8
7.6 ♦ ■ t
7.4
REAL ENGINE RESULTS
7.2
7.0
6.8
6.6
6.4
6.2
6.0
5.8
5.6
5.4
5.2 SIMULATION
5.0
4.8
4.6
4.4
4.2
4.0
6605 8 0 6 4 0560 6 0 0 6205 4 0
N.
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦ = AFSREE PROGRAM PREDICTION
+ =STFREE PROGRAM PREDICTION
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FIGURE 98
COMPARISON OF CHANGE OF L.P. SHAFT SPEED
WITH TIME
DURING A DECELERATION AT 43.000ft. 
MACH=0.8 
WITH 5% I.P. COMPRESSOR BLEED
Data from 'TABLE 26"
8000
7800
7600 - + #
7400 -
7200 -
7000 -
6800 -
6600 -
6400 -
6200 -
6000 -
5800 -
5600 -
5400 -
5200 -
5000
0 .0  1 .0  2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0  9 .0  10 .0  1 1 .0  12 .0  13 .0
TIME sec.
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
* = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
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FIGURE 99
COMPARISON OF CHANGE OF H.P. SHAFT SPEED
WITH TIME
DURING A DECELERATION AT 43.000ft. 
MACH=0.8 
WITH 5% I.P. COMPRESSOR BLEED
Data from "TABLE 26"
11800
11600 -
11400 -o*
11200 -
11000 -
10800 -
10600 -
+ ♦
10400 - □+
10200 -
10000 -
9800
0 .0  1.0 2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0  9 .0  10 .0  11 .0  12 .0  13 .0
TIME sec .
Q = TYPICAL TURBOFAN ENGINE TEST RESULTS
* = AFSREE PROGRAM PREDICTION
+ =STFREE PROGRAM PREDICTION
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FIGURE 100
COMPARISON OF L.P. vs. H.P. SHAFT SPEED RESPONSE
DURING A DECELERATION AT 43.000ft. 
MACH=0.8 
WITH 5% l.P. COMPRESSOR BLEED
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FIGURE 101
COMPARISON OF OUTER FAN PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A DECELERATION AT 43.000ft. 
MACH=0.8 
WITH 5% l.P. COMPRESSOR BLEED
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COMPARISON OF COMBINED INNER FAN
AND l.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS
DURING A DECELERATION AT 43.000ft. 
MACH=0.8 
WITH 5% l.P. COMPRESSOR BLEED
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FIGURE 103
COMPARISON OF H.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A DECELERATION AT 43.000ft. 
MACH=0.8 
WITH 5% l.P. COMPRESSOR BLEED
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COMPARISON BETWEEN PREDICTED 
AND ACTUAL TEST RESULTS
DURING A "COLD" ACCELERATION AT 43.000ft. 
MACH=0.8 
WITH 5% l.P. COMPRESSOR BLEED
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FIGURE 105
COMPARISON BETWEEN PREDICTED 
AND ACTUAL TEST RESULTS
DURING A DECELERATION AT 43.000ft. 
MACH=0.8 
WITH 5% l.P. COMPRESSOR BLEED
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FIGURE 106
COMPARISON OF CHANGE OF L.P. SHAFT SPEED
WITH TIME
DURING A "BODIE” AT 43.000ft. 
MACH=0.8
Data from "TABLE 27M
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FIGURE 107
COMPARISON OF CHANGE OF H.P. SHAFT SPEED
WITH TIME
DURING A "BO DIE" AT 43.000ft.
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FIGURE 108
COMPARISON OF OUTER FAN PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A "BODIE” AT 43.000ft. 
MACH=0.8
Data from 'TABLE 27"
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COMPARISON OF OUTER FAN PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A "BODIE” AT 43.000ft. 
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COMPARISON OF OUTER FAN PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A ” BO DIE" AT 43.000ft. 
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FIGURE 109
COMPARISON OF COMBINED INNER FAN
AND l.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A “BODIE" AT 43.000ft. 
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Data from "TABLE 27"
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COMPARISON OF COMBINED INNER FAN
AND l.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A "BODIE" AT 43.000ft. 
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Data from 'TABLE 27”
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COMPARISON OF COMBINED INNER FAN
AND l.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS
DURING A "BO DIE" AT 43.000ft. 
MACH=0.8
Data from "TABLE 27"
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FIGURE 110
COMPARISON OF H.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A "BODIE AT 43.000ft. 
MACH=0.8
Data from "TABLE 27"
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BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A 1 BO DIE” AT 43.000ft.
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FIGURE 110B
COMPARISON OF H.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS
DURING A "BODIE" AT 43.000ft.
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COMPARISON OF H.P. COMPRESSOR PERFORMANCE
BETWEEN PREDICTED AND ACTUAL TEST RESULTS 
DURING A "COLD" ACCELERATION AT 43.000ft.
MACH=0.8 
Data from "TABLE 23"
8.0
7 . 5 -
7 . 0 -
i  •
P
26  6 . 5 -
6 .0 -
5 . 5 -
5 . 0 -
4 . 5 -
4 . 0 -
5 4 0  5 6 0  5 8 0  6 0 0  6 2 0  6 4 0
J a _
□ = TYPICAL TURBOFAN ENGINE TEST RESULTS
♦  = AFSREE PROGRAM PREDICTION
+ = STFREE PROGRAM PREDICTION
REAL ENGINE RESULTS
SIMULATION
i 1----------1----------1----------1----------1----------1----------1----------1----------1---------- r
6 6 0
APPENDIX A
There are m any cases w here a com pressor can no longer 
sustain  the p ressu re  ratio it has generated and is forced to a 
sudden change of its operating point. This generally  means a 
reduction in flow  and pressure ratio at a given speed. This is 
associated with aerodynamic stalling of some of the blades of the 
compressor. It is the transfer from unstalled to stalled operation 
that causes the sudden change m entioned above.
T here are a variety  of types of change from  unstalled  to 
stalled operation. Surge, which is one of the m ost im portant, is 
also associated with a sudden drop in delivery pressure and with 
a pulsation of the working fluid which is transm itted throughout 
the whole m achine. This pulsation is due to the surging of the 
flu id  backw ards and forw ards through the com pressor. The 
pulsation of the working fluid causes extensive vibration of the 
blades and con tinuous operation  under surge cou ld  lead to 
breakage of blades.
The phenom enon o f surge can be explained as follow s; If the 
com pressor is forced for some reason to operate on the part of 
its characteristics of positive slope then a decrease in mass flow 
will be followed w ith a subsequent drop in pressure ratio. If  the 
pressure dow nstream  o f the com pressor does not fall quickly  
enough, then the working fluid is forced to reverse its d irection 
of flow. M eanwhile the pressure downstream  has fallen also and 
the working fluid is capable of reversing again its d irection of 
flow. This is the cause of the surging of the fluid backwards and
1
forwards in the compressor.
A nother im portan t cause of in stab ility  in the com pressor 
operation, is the rotating stall which can also exist in the stable 
operating range of the compressor. W hen the mass flow through 
the com pressor is reduced, this causes the mass flow through the 
individual blade-to-blade passages o f a row  to reduce, and in 
general the incidence angle of the flow into these passages rises. 
Due to turbulence effects and the inevitable unevenness of the 
flow, one passage will reach the critical incidence angle at which 
the flow on the suction surface stalls ahead of its neighbouring 
passages. W hen the passage has stalled, that particu lar passage 
will then be accepting less air, so the air approaching that sector 
is deflected-som e towards the passage w hich is forw ard(in  a 
rotational direction) from  the passage already stalled, and some
tow ards the  passage behind. F o r the forw ard  passage, the 
deflected  flow  reduces the incidence angle and re lieves the
tendency to stall. H ow ever the p assage  behind su ffers an 
increased incidence angle and this causes it to stall. This then 
relieves the stall in the passage where it had first occured. Thus, 
in the m oving blade, the stall propagates in a counter ro tating 
d irec tio n . T his is the reason  fo r nam ing th is p a rtic u la r  
m alfunction of the com pressor as R otating Stall. It has been 
observed that the above described  ro ta ting  sta ll reg ions, or
otherw ise called  R otating Stall C ells-(R SC ), ro tate w ithin the
compressor at 20 to 70 per cent o f the rotor's speed.
Sometimes a severe case of rotating stall is called Deep stall 
and in that case the circumferential width of the stall cells could 
vary from a small arc to a large sector.
2
Turning now to the phenomenon of surge again, it is worth 
m entioning the m echanics of onset of surge. G enerally , the 
am ount of air m ass flow  rate  through the com presso r is 
controlled by choking in the various stages. This could occur 
either in the early or in the late stages of the compressor.
When the com pressor is operating at its design point then the 
flow at all stages has a correct angle of incidence. If at the design 
speed the operating point of the com pressor is forced on to the 
surge line, then the delivery pressure will increase substantially 
accom panied by a relatively  sm all reduction in air m ass flow 
rate. This in turn will cause the density at the com pressor's exit 
to increase. These effects have as a result the reduction of the 
axial velocity which in turn will force the angle of incidence at 
the last stages to increase and the rotor blades to stall. Research 
has shown that at high speeds surge is initialised by the stalling 
of the last stages.
At low speeds, the opposite is the case due to the m ore rapid 
reduction of mass flow in comparison with the decrease in speed. 
Hence the axial velocity at the inlet decreases and the incidence 
at the early stages increases. As a result it is thought that at low 
speeds surge occurs due to stalling of the early stages.
Investigation that has been carried out over the years has 
shown that if  the last stages stall then the surging progresses 
upstream and could cause surge in the whole of the com pressor.
3
APPENDIX B
1. Air Intake Calculations
T he e n try  s ta g n a tio n  T em p era tu re  and P re ssu re  are 
calcu lated  using the F ligh t M ach num ber and the A m bient 
tem perature and pressure according to the A ltitude.
U sing the fo llow ing equations T s t a g n  and P STAGN are 
e v a lu a ted :
AT1B
where RECOVY is the pressure Recovery factor of 0.995 used 
to account for non-isentropic diffusion losses.
2.The Inner.O uter Fan and I.P. Com pressor calculations 
The known parameters are : T i5 N, GEOM
T h e  g u essed  p a ra m e trs  are  : —■ ^  and FCSP
The Factor of Split is used to calculate  the equivelant non- 
dim ensional mass flow rate using:
It is also used to evaluate the non-dim ensional mass flow  rate
T
STAGN
RECOVYxP
STAGN
3 .5
CHICS FCSP
1
(  m /r  )  (  1.0-GEQM x FCSP )  (  m /T  )
p outer v GEOM x FCSP P inner
The non-dim ensional speed can now be calcu lated  and by 
in te rp o la tin g  in the ch arac te ris tic s  together w ith  the  non- 
dim ensional mass flow rate, then the Pressure ratio , Isentropic 
efficiency and exact Beta value are found.
Po
P
O .F .
P
Knowing now the pressure ratio P0/Pi then the P0 is found.
The ou tle t tem perature  T0 can be calculated using  Cp= 1 
initially. Then v = C p/(C p-R) and the isentopic outlet tem perature 
is calculated using:
Y—1
T’ - T = T . [  ( - ^ 0  “ I ]
o  i  i  x  p  '  J
i
From the interpolation *n was defined which is also equal to:
hence T0 can be evaluated. Now a better value fo r Cp is 
calculated using the following equation:
2
C =0.944+0.0019x
p
The above m entioned process is repeated in order to find an 
actual value of T0.
3. The H.P. Compressor calculation 
Known param eters are : Pj Ti?NH 
Guessed param eters are : Pq/P j
Using the known param eters, the non-dim ensional speed can 
be evaluated. In terpo lating  linearly  on the characteristics the 
non-d im ensional m ass flow  rate  as w ell as the isen trop ic  
efficiency and exact Beta value can be evaluated.
In order to calcu late  the outlet tem perature  T 0 the sam e 
procedure is followed as in the Inner and Outer Fan calculations.
4. The Turbine Calculations
The known param eters are: T i? Pi, NH from  the ex it of the 
previous com ponent.
P
P.
o
P
3
T i
C = 0 .9 4 4 + 0 .0 0 0 1 9  x (  — — L)
p 2
The above mentioned process is repeated in order to find an 
actual value of T0.
3. The H.P. Compressor calculation
Known parameters are : Pj Ti? NH
Guessed parameters are : P0/Pi
Using the known param eters, the non-dim ensional speed can 
be evaluated. In terpolating  linearly  on the charac teristics the 
non-d im ensional m ass flow  ra te  as w ell as the isen tro p ic  
efficiency and exact Beta value can be evaluated.
P
o
p
1
O .F .
P
In order to calculate  the ou tle t tem perature T 0 the  sam e 
procedure is followed as in the Inner and Outer Fan calculations.
4. The Turbine Calculations
The known param eters are: T i? Pi? NH from  the ex it of the 
previous com ponent.
3
Guessed values are the : W ork Factor
The mass flow rate and Cp values at the beginning of the 
calculations are taken as of the previous com ponent. The non- 
d im ensional speed can now be calcu lated  from  the know n 
param eters. L inear in terpo lation  is now used to evaluate  the 
non-dimensional mass flow rate and isentropic efficiency, as it is 
shown in the figure below:
A t this stage T 0 can be calcu lated  using the  fo llow ing  
expression :
N
&
►
-T.
T = T . x (  1 . 0 - WORK FACTOR)
0  i C
A corrected Cp is calculated from:
Cp= 0 . 9 4 4 + 0 .0 0 0 1 9
The isentropic outlet tem perature is calculated using :
4
U ) ‘ ]T - r = T  ^  .1 0  1 ■—  p
and T 0  is calculated from:
T - T  =tl(T:-T’ )i o T i o
The non-dim ensional mass flow rate can now be calculated 
and the value obtained is compared to the one obtained from  the 
in terpo lation  in the characteristics. If  the two values do not 
agree, the in itial guessed value of the W ork Factor into the 
turbine is revised.
5.The Final Nozzle Calculations
The mass flow rates entering the Final nozzle are equal to the 
core gas and by-pass air mass flow rates leaving the m ixer. The 
two flows (core and by-pass) are assumed not to mix and both 
flows are assumed isentropic.
Firstly, it is determ ined w hether or not the flow is chocked, 
using the following expression from Gas Dynamics :
Y
s
If  the flow is chocked then M=1 and the above expression 
reduces to :
v 
Y —1
J L = ( i ± 0
ps 2
Hence if the LHS of the above equation is greater or equal to
5
the RHS then the flow is chocked.
The exit areas requires from  each of the two flows can be 
calculated using the follow ing equation which is derived from  
the theory of gas dynamics :
For chocked flow, M = l, and the above equation is reduced to:
The mass flow rates that are used in the above equation are 
the ones leaving the mixer. The required exit area is equal to the 
sum of the two calculated ones. A coefficient of discharge is then 
used to m odify the requ ired  ex it area. At the end of the 
program s a test is carried  out betw een the required  and the 
available area and the mass flow rate into the engine is revised 
accordingly .
Y+1
2( 1- y )
Y + 1
2(1-Y)
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APPENDIX C
Using T 01j=295.94K and P 0 1 3= 10 9 .4 6 , then the non-dim ensional 
air mass flow rate into the by-pass duct is :
r n ' / r  _m bp 7 T013 9 5  lb / s ec  x V k
P P ’ 2013 Ib f / in
132 95   132 95 0»4 5 3 5 9 Ks* / s 6  c x yf K.
Ib f / in 2 6 8 9 4 .8
= 8 .7 4 4 6 4 x  10 3 f e / s e c
N /m 2
Also A-, ,=0.566542 m 2 and it is also known that:1 4 '
R
R=—  hence , / —= 0 .0 6 9 8 3 0 9  
M V  R
S ubstitu ting  the above know n va lues to the  C on tinu ity  
equation given in 2.2.5 we get the following expression:
8 .7 4 4 6 4  x 10 ' = 0 .0 6 9 8 3 0 9 1 4
- 3  M= n HRQftQHQ . . -----------
.2M2 3(1+0  )
M  1 4
14 = 0 .2 2 1 0 3 5 5
(1+ 0 .2M2 )
1 4
By iterating M 1 4  is found to be equal to 0 .228 , then substituting
to:
U. ,=M. ../vR T  it is found that
1 4  1 4 V  0 1 3
U = 0 .2 2 8  x V l . 4  x 2 8 7 .0 9  x 2 9 5 .9 4  =» U = 7 8 .6 3 5  m / s e c
1 4  1 4
Similarly it can be found that U 25=69.924 m /sec. Now the shear 
force can be evaluated using the follow ing equation:
1
1 2  
T = —  f  p u
2
where u=78.635-69.924=8.711m2 
f=0.094 and
(P +P ) (P +P )
025 014 024 013
P _  2  _ 2  _ 1 1 0 0 1 0
~ R T ~ R(Tn^ T nU) ~ R(Tn24+T 013) ~ 2 8 7 .0 9 9  * 2 9 7 .0 3
2 2 
=> p = 1 .2 9 0 5r  3
m
Hence t=o.5x0.094x1.2905x8.7112 =>t=4.6024 
Substituting into equation [IV ]:
oi oi r Tx\x )N
where A CON=0.0446m2 
Hence 0.566542xl09.46-0.566542xPol4=
=4.6024x0.0446 =>
=> 62013.687-0.566542xP01^ =0.20527 =>
=>Pol4=109.459
Hence the value of P 0 i 4 ju st found is the new pressure that is 
going to be used in the calculations of the next com ponent while 
P 0 ij= 1 0 9 .4 6 0  would be the one that it would be used if  the shear 
force effects were not considered.
The predictions of the AFCSP program  were used to evaluate 
the d ifference in the pressures tha t w ould occur under the 
following flight conditions:
Program AFCSP 
Altitude=47,0 0 0 ft.
Mach=0.92
2
f=0.094 
FCSP=0.6329 
A14 = 0.566542 m 2
and A 1 4  x (Poi3'Poi^ = Tx^ c o n  
To i r 303.13K
Pqi^ O .4 3
m bpV ^,Qi3 _ o op 4 2  lb / s ec  ~^K_g op 4 2  x 0 -4 5 3 5 9  K g /s e c  t / k  
P 013 Ib f / in 2 6 8 9 4 .8  M m 2
=>mbp>/ToiL=ojQ2i079 M secTic 
P 2
013 M m
V  /7R^— = 2 8 7 .0 9 9 4 5  and ^ = 0 . 0 6 9 8 3 0 9
M V  R
T h en
14
in , / t a<o /77 M
— — A  x \ /  x --------------------------- 3------------------------P 14 V  R v -l
013 2(v-1)
(  l+ ^ i - M 2 )
v 2  1 4
Substituting the known values to the equation above we get:
M
0 .0 2 1 0 7 9 = 0 .5 6 6 5 4 2  x 0 .0 6 9 8 3 1  x ------------- ----------
3
(  1 + 0  . 2  M ^ )
which can be reduced to:
M
14 —0 .5 3 2 8 0 7
(  1 +0 . 2 M ? )
2
14'
U sing the above expression and a num ber o f iterations, an 
actual num ber for the M x 4 can be evaluated . In the actual
program  a subroutine was used to execute the iterations needed 
to calculate a value for the M 14.
For M 1 4  = 0.4 the LHS of the above equation is LHS=0.36 
For M 14=0.6 the LHS of the above equation is: LHS=0.487
" M x4=0.7 " "   " LHS=0.528799
" M j4=0.71" " " " " " " LHS=0.532242
" M 14=0.711" " " ” " " "LHS=0.532579
" M 14=0.712" " " " " " "LHS=0.532915
Now the already found value of M 1 4  can be substituted to the 
follow ing expression:
U =M „ x . / y RT
14 14 V  013
By substituting all the known values to the above expression 
then U 1 4  can be calculated.
U, =0.712  x V l . 4  x 2 8 7 . 0 9 9  x 30 3 . 13  => U = 2 4 8 . 5 2 7 4  m / s e c14 14
For the core flow
m  . / T F~ M_ c_Y . ^ 24, = A h  :
V  R
25
P 25 V  y+ 1
02 4 2(Y- 1)
(  l ^ M 2 )  
v 2 25
For the core flow the known param eters are:
A 25=0.363168 - 0.152053=0.211115 m 2  
T02^=305.35k
^024=^ ' ^
Hence the non-dim ensional mass flow rate for the core flow 
can now be evaluated by substituting the known values to the 
above w ritten expression:
4
m d\Z^1024 gj. f c /  s e c  x V k
P  ’ 2
024 lb f / in
^  — cV T 024 _ 7 Q 2 6 7x 1 0 ' 3
P 2024 N/ m
and ^ ^ - = 0 .0 6 9 8 3 1
Then by substituting again we get:
3 M
7 .0 2 6 7  x 10 =0.211115 x 0 .0 6 9 8 3 1  x -------------—
( 1+—M?)
2 25
M.
2 5  -= 0 .476633
( 1 +0 . 2 R l f ) 3
4U u
Iterating as in the by-pass flow a value for M 2 5  can be found. 
It should be m entioned again that the iterations in the actual 
p rog ram  are p e rfo rm ed  by the  com pu ter u sing  a NA G  
su b ro u tin e .
M 2 5  is found to be equal to: M 2  ^ =0.579
Now U 2 5  can be evaluated by substituting the already found 
value of M 2 5  to the following expression:
IT =M J v x R x T  
25  2 5 V  024
U, = 0 .5 7 9  V l . 4  x 2 8 7 .0 9 9  x 3 0 5 .3 5Za
U25=202.84m/sec
Now the shear force can be calculated using the follow ing 
exp ression :
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U=248.5274-202.8418=45.685634 m/sec
p=—
RT
2 2
 /  T +T \  /  T +T \
f 025 014 J f  013 024  J
2 2
(3 1 .1 9 + 3 0 .43V  2
0 .2 8 7 0 9 9  x (  3 0 3 ' 1 3 + 3 0 5 -3 5 )
2
Hence p=0.352731 andT=34.60197
Using again equation [IV ] P 0 1 4  can be evaluated, but first the 
Area of contact must be calculated using the following equation: 
ACON=^  (R"H*)1
LG=60mm and LA=L24x (1-FCSP)
L24= 124mm and FCSP=0.6329 
La =124 x(0.3671)=45.5204mm 
Hence l=0.0753m and
AC0N =3.14159(0.120+0.078) x 0.0753=0.0469m2 
From equation [IV] :
_ 1000 v 3 0 .4 3  * 0 .5 6 6 5 4 2  - 3 4 .6 0 1 9 7  ,  0 . 0 4 6 9  
114 0 . 5 6 6 5 4 2
=30427.13 N/m 2
p  _ ^ 0 1 3 X^ 1 4 ~  T^C O N  
014 A
P01-f30-427 KN/m2 an 
P01g=30.430 KN/m2 
P02s=31.19779 KN/m2 
P02^ 31.190 KN/m2
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ABSTRACT
T his  report d e s c r ib e s  an in v est ig a tio n  of th e  b e s t  
representation of the fan and a lso  of the flow distribution into 
the fan of a typical Turbofan Engine. B ased  on the different Fan 
treatments, three computational m odels  have been d eve lop ed  to 
simulate the engine.
All programs were based  on the existing General program for 
the prediction of the performance of G as Turbines, d eveloped  by 
Pilidis and Maccallum, Ref.(1).
A d escr ip tion  of this general program is included in this  
report. The programs have been used to obtain the steady running 
p erform ance of the Turbofan en g in e  in two different flight 
con d ition s .
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1.INTRODUCTION
A typical exam ple of a Turbofan engine is the Tay engine  
which derives its pedigree from the Spey family of en g in es .  The 
main factor in the con cep t of this engine w as  the reduction in 
noise.
In order to m eet  this major requirem ent, efforts w ere  
concentrated  in increasing  the b y p a ss  ratio and the Low 
P r essu re  c o m p r e sso r  (L.P.) flow. This w a s  fundam entally  
achieved  by replacing the LP com pressor of the S p ey  engine, 
with a wide chord fan and an Intermediate Pressure Com pressor  
(IP compressor).
Efforts w ere a lso  directed towards further im provem ent in 
fan efficiency which has resulted in the new technology  of the 
wide chord snubberless fan.
Pilidis and Maccallum, R ef .(1 ),d eve lop ed  firstly a gen era l  
program for the prediction of the performance of G a s  Turbines, 
and later a computer model to simulate the Tay engine. Using 
this program a s  the basis ,  the different fan treatm ents w ere  
applied, and three more computer m odels were develop ed , each  
one representing a different fan treatment.
All four programs w ere used  to predict the s tea d y  running 
conditions of the engine for two inlet conditions:
1. At s e a  level and Mach=0.2
2. At altitude of 47000  ft. and Mach=0.92
A brief description of the general program ,mentioned above,  
is a lso  included, so  that the reader can follow e a s i ly  the
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required c h a n g e s  for the application of the different fan 
treatm ents.
All the results are d isc u s se d  and show n in graphs. The 
results of the programs are com pared with actual test  results  
of a typical Turbofan engine.
Predictions of the behaviour of the engine during transients  
are not included in this Report, but will follow in a sub seq u en t  
Report.
3
2. DESCRIPTION OF THE GENERAL PROGRAM 
FOR THE PREDICTION OF 
THE TRANSIENT PERFORMANCE OF GAS TURBINES
When the representation of a g a s  turbine is desired a model 
is d ev ised  which in this c a s e  could either be physical or 
m ath em atica l.
Pilidis and Maccallum d ev e lo p ed  a general m athem atical  
model for the representation and prediction of the performance  
of g a s  turbines.
B e c a u s e  of th e  len g th y  c a lc u la t io n s  req u ired , the  
m a th em a tica l m od el in v o lv e s  c o m p u ter  p ro g ra m in g , in 
particular for the more com plex engines.
In the first instance the characteristics of the com p on en ts  of 
the engine, are predicted. T h ese  characteristics are then u sed  by 
this gen era l program for the calculation  of the  c o m p le te  
engine's performance.
It is necessary  to update the com ponent performance, using 
experimental observation of the performance of each  com ponent,  
in order to obtain more accurate and realistic results from the 
model of the engine.
The characteristics  of th e s e  co m p o n en ts  at a  particular  
instant during a transient differ from the c h a r a c te r is t ic s  
observed in the steady state at the sa m e non-dimensional sp eed .  
This difference is due to tip c learance ch an ges ,  sea l  c learance  
ch an ges  and heat transfer effects, which have been  incorporated
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in the general program.
There are two commonly known alternative procedures, th ese  
being the method of "intercomponent volumes" and the method of 
"continuity of m a ss  flow". Generally the method of "continuity 
of m a ss  flow" requires le s s  computing time and involves a 
number of iterations in order to a ch iev e  co n s is ten cy  of m ass  
flows at each section.
Pilidis and Maccallum, in developing their general program, 
used the method of "continuity of m a ss  flow".
In brief, the  object of the calcu lation  procedure  is to 
determ ine the acce lera t io n  of the  e n g in e  under different  
c ir c u m sta n c e s .
The acceleration is primarily a function of param eters such  
a s  shaft sp e e d ,  fuel flow, inlet temperature and pressure, and 
seco n d a ry  a functions of severa l other variab les  such  a s  
co m p o n en t  e ff ic ien c ie s ,  p ressu re  ratios, tem perature ratios, 
etc..
Having evaluated  the acceleration, the rotational s p e e d  for 
the next time interval is found, using Euler's simple assumption  
that the acceleration  remains con stan t for a  particular time 
in terval.
The procedure of the m ethod is illustrated in detail in 
R eference (1) .In brief, if the external param eters are defined  
and the rotational s p e e d  and fuel flow are f ixed , the  
c o m p r e s s o r 's  n o n -d im en sio n a l m a s s  flow and isen tro p ic  
eff ic ien cy  are o b ta in ed . The d e livery  c o n d it io n s  of the  
com pressor can then be found which are going to be the inlet 
conditions for the next com ponent. This is repeated for each
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com ponent until it is n ecessary  to calculate the required nozzle  
area to d ischarge the flow. If this is different from the actual 
nozzle available, then, if the turbine is choked, the com pressor  
pressure ratio is modified until the required value of the turbine
capacity is obtained. Once this has been achieved the variable to
be adjusted to satisfy m a ss  continuity at the final nozzle  is the 
pressure ratio of the chocked turbine nearest to this nozzle.
The next step w as to evaluate the torque imbalance betw een  
the shafts, which determ ines the instantaneous acceleration for 
a given time step. This acceleration over the time interval g ives  
the rotational sp eed  of the shaft at the next time step.
Also for by-pass en g in es  with mixed exhaust the principle of 
momentum conservation must b e  satisfied  by the fraction of
core g a s  and the by-pass  air to be mixed. No dissipation is
assu m ed  in the mixing process.
Before proceeding to a  com ponent all tests  on the previous  
com ponent must be satisfied, if not then the inlet param eters of 
the nearest upstream "free com ponent" are modified until a  
satisfactory operating point is obtained. Free com ponent is one  
at which the thermodynamic variables for the operation of the  
com ponents downstream are generated.
This general computer model can a lso  incorporate air b leed  
sy stem s, reheat sy stem s and a lso  any form of fuel scheduling  
can be adopted for control of accelerations and decelerations.
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3.DESCRIPTI0N OF THE DIFFERENT COMPUTER PROGRAMS
3.1 Representation of Fan and IP Characteristics
Initially, predicted ch aracter ist ics  for the Outer fan, the  
Inner fan and the I.P. Compressor, w ere provided for a typical 
Turbofan engine.
It is to be noted that the  u s e  of s in g le ,  s e p a r a te  
characteristics for the Outer fan and for the Inner fan, implies 
that c h a n g e s  in the core of the eng ine  which affect the  flow 
through the Inner fan do not alter the flow through the Outer fan.
When the first modelling of the Turbofan engine w a s  carried 
out, Ref(2), this simplification w a s  thought to be a w e a k n e s s  
and an alternative treatment w a s  adopted. The con cep t  of an 
adjusting boundary betw een the Inner and the Outer Fan w a s  
introduced to the first computer model, resulting in the program 
labelled AFCSP and explained in Section 3.2.
In this research it is of interest to investigate and com pare  
the treatment adopted in the program AFCSP with the original 
sim plified co n cep t  m entioned earlier, which is u sed  in the  
program FFCSP outlined in Section 3.3.
In practice it is not p o ss ib le  to m easu re  the conditions  
betw een the Inner fan and the IP Compressor. For this reason  
another fan treatment w as adopted, in which the pressure rises  
of the Inner Fan and I.P. C om pressor are com bined. This is 
explained in section 3.4. Section 3 .5  of this chapter d escr ib es  
the fourth computer model d ev e lo p ed  in this research , which  
u se s  a combination of the fan and flow distribution treatm ents
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adopted in the previous programs.
3.2. The AFCSP Program
Maccallum, R ef.(2), used  the method of continuity of m ass  
flow for modelling the performance of the RB 1 8 3 -0 3  TAY 
Engine.
In this method the calculation procedure at each  time step  is 
iterative until continuity of m a ss  flow is a c h iev ed  at ea ch  
section. This method requires a number of iteration loops and 
this number d epends on the geometric complexity of the engine.
The Fan of the e n g in e 'w a s  treated a s  two separate  sections,  
the Inner and the Outer. Separate characteristics w ere thus used  
for the two sections of the fan.
Although this is a satisfactory way of treating the fan under 
s te a d y  running con d it io n s , s o m e  a l lo w a n c e  is m a d e  for 
interchange of flow betw een  the two sec t io n s  of the Fan, in 
order to give what were thought would be more realistic results 
for the transient performance of the engine. The characteristics  
provided w ere b a se d  on a frontal area split ratio of 1 to 3, 
similar to the b y -p a ss  ratio of TAY en g in e . In the  actual 
program, Ref (2), the parameter GEOM w as used to represent the 
fraction of the total frontal area allocated to the Inner section.  
GEOM had initially the value of 0.25.
The interchange of flow betw een the two section s  of the fan 
w a s allowed by introducing another factor nam ed Factor of 
Split, labelled FCSP. It w as  assu m ed  that the axial velocity of 
the air into the Fan is constant over the whole inlet area  of the
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Fan and a fraction of this area feed s  the Inner Fan which is not
necessarily  equal to GEOM but so m e  fraction of it. This fraction
is the factor named above FCSP
The final step of the program con sists  of a test between the 
final nozzle  area required and the final nozzle area available. 
This test  revises  the value of the Factor of Split until equality 
betw een the two areas is achieved. The logic of the program is 
outlined in Fig.A-see Figure(4) of the Thesis.
This computational model, labelled AFCSP, w a s  the basic  
model u sed  in this research. The other three m odels  w ere  
derived from the program AFCSP.
The AFCSP program w as used  to predict the performance of 
the engine under the following inlet conditions:
1.Steady Running, S e a  Level, Mach=0.2
2.Steady Running, 47000  ft., Mach=0.92.
3.3. Program FFCSP
As it w as  explained in the description of the program AFCSP, 
the Factor of Split is revised after the test  for the required and 
available nozzle  area  which tak es  p lace  at the end of the  
program.
In program FFCSP (Fixed Factor of Split) the treatment of 
flow distribution into the Fan is different. In this c a s e  the  
Factor of Split is kept constant and equal to 1.0. In order to keep  
the equality between the required and available nozzle area, the 
test that is carried out at the end of the program rev ises  the 
amount of air flow into the entire engine. To ach ieve  that, the 
link which had existed existed betw een the Inner and the Outer
fan w as removed.
The program w as run for the two flight conditions mentioned  
in program AFCSP.
The new program is labelled on the graphs: FFCSP.
3.4. Program FFCSP INFCIPC
Since in practice it is not possible to m easure the conditions  
in betw een  the Inner Fan and the I.P. C om pressor, it w a s  
considered that the Inner fan and the I.P. com pressor could be 
combined and represented a s  one section.
The programs AFCSP & FFCSP at a certain s ta g e  read the 
values of the characteristics of the Inner Fan, I.P. Compressor, 
Outer Fan, in the s e q u e n c e  just mentioned. The new  program 
developed, b y -p a sse s  the characteristics of the I.P. Com pressor  
and instead of reading the Inner Fan's characteristics, th e se  are 
replaced with the characteristics of the com bined Inner Fan &
I.P. Compressor, produced from the program CH INFCIPC.
This program (CH INFCIPC) has been developed to produce the 
characteristics  of the new  section  which c o n s is t e d  of the  
com bined Inner Fan & IP C om pressor. It u sed  the sep a ra te  
characteristics of the Inner fan & IP C om p ressor  and with 
c e r ta in  in te r p o la t io n s  p r o d u c e d  th e  n e w  c o m b in e d  
characteristics are shown in Figure B.
The program gives the combined:
Pressure Ratio = RCMPC
Air M ass Flow(Non-Dim.)=AI1 ERR
Beta Values = BETAC
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In order to bypass the characteristics of the IP com pressor a  
new parameter w as introduced in the program, labelled NDELI. If 
this parameter is given the value of 1, then the program u se s  
the com b in ed  ch aracter ist ics  in stead  of the Inner Fan's, 
b y p a sse s  the I.P. Compressor's characteristics and then reads  
the Outer Fan's.
This program, like the FFCSP, k eep s  the Factor of Split fixed 
and rev ises  the air m a ss  flow into the eng ine  until equality  
between the available and required nozzle area is achieved.
This new program is labelled on the graphs as FFCSP INFCIPC 
(Inner Fan Combined with I.P. Compressor).
This program should give virtually the sa m e  predictions a s  
th ose  from program FFCSP. This is confirmed from the results 
presented in this report.
3.5. The TAYN1 Program
This last program u ses  the sa m e  fan treatment a s  the FFCSP  
INFCIPC Program, i.e. the Inner Fan is considered combined with 
the I.P. Compressor. The new developm ent in this program is 
that a variable Factor of Split is o n ce  again used, but applied  
only to the Outer Fan. The final nozzle test  w as  used to revise  
the Factor of Split.
This new  program w a s  derived from the FFCSP INFCIPC 
program, after making the n ecessary  ch a n g es  in the logic of the 
previous program.
This n ew  program w a s  a lso  run for the s a m e  flight 
con d ition s .
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4. DISCUSSION OF RESULTS
4.1. Results For Flight Conditions : S e a  Level, Mach=0.2
4.1.1. H.P.-L.P. Shaft sp e ed  relationship
In Figures 1,2,3&4 the HP-LP shaft sp e e d  relationship is 
illustrated for the four programs. The programs AFCSP, FFCSP  
and FFCSP INFCIPC appear to produce the sa m e  results. The 
fourth program TAYN1 has results that coincide with the results 
of the other programs at the middle range of shaft sp e e d  values,  
but appears to have discrepancies at the lower and upper range 
of values.
At the lower end the discrepancies are of the order of 7.9%.
At the upper values the discrepancy is of the order of 4.3%.
4 .1 .2 .  In the next s e t  of graphs the Inner Fan plus I.P. 
C o m p r e s s o r  p r e s s u r e  ratio is plotted a g a in st  the  non- 
dimensional speed .
The results are shown in the Figures 5,6,7&8.
Since in practice the value of P24 cannot be m easured it w as  
d ecid ed , for the two programs AFCSP& FFCSP that do not 
consider the Inner Fan & I.P. C om pressor com bined, to plot 
P26/ P i versus the non-dimensional speed .
It is s e e n  from the graphs that the results  of all the  
programs almost coincide.
4.1.3. H.P.- Fan & I.P. Pressure Ratio Relationship
In F igures 9 ,1 0 ,1 1 ,&12 the HP to Fan & IP co m p resso r  
pressure ratio is plotted
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The results of all the programs are quite c lo se  to each  other 
although they show  a maximum discrepancy of about 6%.
4 .1 .4 .  In order to further exam ine the results  mentioned  
a b o v e ,(4 .1 .3 ),  the HP com p ressor  p ressu re  ratio w as  plotted 
against the non-dim ensional sp e ed . The results are shown in 
Figures 1 3 ,1 4 ,1 5&16.
It appears that the results of all the programs show  again a 
discrepancy of the order of 5.2%.
The d ev ia tio n  of th e s e  results is very similar to the  
deviation  which a p p e a r e d  in the  HP-IP P r e s s u r e  Ratio 
relationship (3), confirming that the results of the program s  
shown in the figures 9 to 16 are consistent.
4 .1 .5 .Inner Fan Working Lines
Figures 17 & 18 show  the Inner Fan working lines for the 
programs AFCSP and FFCSP, while Figures 19 & 20 show  the 
working lines of the combined Inner Fan + IP compressor.
The results of the two programs AFCSP & FFCSP deviate quite 
substantially, by about 10%, while the working lines predicted 
by the programs FFCSP INFCIPC & TAYN1 show  only a slight 
discrepancy of about 2.5%.
The dev ia tion s  in the predicted Inner Fan working lines  
betw een the programs are due to the different fan treatments  
and to the different air flow distributions into the en g in e  that 
are used in each program.
4.1.6. Outer Fan Working Lines
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The Outer fan's working lines are also represented for each  
program in the Figures 21,22,23& 24. The three programs AFCSP, 
FFCSP & FFCSP INFCIPC show  very similar results, while the 
other program, TAYN1, sh o w s a slight discrepancy of about 3% 
at the higher m ass flow rates. This is due to the different logic 
approach to the flow distribution into the engine of the program 
TAYN1 com pared with the FFC SP INFCIPC and the other  
programs.
4.2. Results for Flight Conditions : 47000ft., M ach=0.92
The four programs w ere u sed  to predict the s tea d y  state  
r esu lts  at th e  flight co n d it io n s  m en tion ed  a b o v e .  The  
predictions of the programs are com pared, for ea ch  program  
separately, with the actual test  results.
4.2.1. Fan & I.P. Compressor Working Lines
In Figures 25 ,26 ,27& 28 the IP com pressor working lines at 
47000ft. & M ach=0.92 are show n together with the actual test  
results of the engine. In each  graph the Rig surge line is a lso  
show n.
Program AFCSP appears to have a very substantial deviation  
from the engine test  results. The predictions of the program  
deviate from the actual results apart from the highest air m a ss  
flow rates, where they appear to coincide.
The results of the programs FFCSP and FFCSP INFCIPC are 
identical and in comparison with th ose  from the AFCSP program  
are much closer to the test results.
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At the low air m a ss  flow range the predictions of the two 
programs (FFCSP&FFCSP INFCIPC) are very c lo se  to the surge  
line, while at the middle and higher air m a ss  flow rates appear  
to lie b etw een  the surge  and the te s t  resu lts  of the IP 
com pressor working line.
Although the results of the program TAYN1 did not reach the 
high air m a ss  flow va lues  that the engine reached during the 
handling tests ,  the predicted working line is very c lo se  to the  
actual Fan & IP com pressor working line. The deviation of the 
prediction from the actual working line d o e s  not e x ceed  1.5%.
4.2.2. H.P. Compressor Working Lines
T h e s e  resu lts  are show n in the F igures 2 9 ,3 0 ,3 1  &32, 
together with the engine's  actual test results and the Rig surge  
line.
All the programs produced predictions that are very c lo se  to 
the actual test  results of the engine.
The program TAYN1 appears to have the sm allest  deviation 
from the engine's  test  results. In particular at the h ighest air 
m ass  flow va lu es  the predicted and the actual working lines 
coincide.
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5. OVERALL COMPARISON OF RESULTS
5.1. Inner Fan Working Lines
At this s ta g e  it w as thought helpful to com pare the results  
for both the flight conditions
T h ese  results are shown in figures 33,34,35& 36.
The predictions of the program AFCSP deviate very much 
from the reality. As it is show n in Figure 33, the predicted  
stead y  running working line for the S e a  level appears  to be  
higher than that predicted for the altitude of 47000  ft. When the  
altitude is increased the-w orking lines of the com p on en ts  are 
expected  to lift towards the surge line, something that d o e s  not 
happen with the predictions of the AFCSP program.
Only at the h ighest air m a ss  flow va lu es  the predictions  
com e very c lo se  to the actual results.
For the programs FFCSP & FFC SP INFCIPC the predicted  
working lines are more realistic, a s  the results for the 47000ft.  
altitude appear to be lifted from the s e a  level predictions. It is 
clearly shown in the graphs that both predictions for the inlet 
conditions appear to be lifted towards the surge line. The S e a  
level predicted working line is c lo se  to the 47000ft. actual test  
line and the 47000ft. predicted working line, closer to the surge  
line.
The most realistic results appear to have been produced from 
the TAYN1 program. Figure 36  sh o w s  clearly the predicted  
47000ft. working line very c lo se  to the actual one  obtained from 
the engine's  actual test  results, and the predicted working line
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for the S e a  level to be lower than that predicted for the higher 
altitude and also from the actual test working line.
5.2. H.P. Compressor Working Lines
The predictions of all the programs for the HP com pressor  
are very c lo se  to the working line obtained from the actual test  
results. The only program that appears  to produce slightly  
better predictions is the TAYN1 program, which sh o w s  that the 
predicted high altitude results and the actual o n e s  alm ost  
coincide at the higher pressure ratio values.
17
6. CONCLUSIONS AND FURTHER INVESTIGATION
The four programs were run successfu ly  and the results were  
used to com pare the predictions of the programs between them  
as  well a s  with the actual handling tests  of the engine.
The object of this research  is to find the b est  way of 
representing the Fan and also the air flow distribution into the 
Fan of a typical Turbofan Engine, in order to develop the most  
accurate and realistic computer model to represent this type of 
engine.
Although the predictions of the four programs do not sh ow  
large d isc r e p a n c ie s  b etw een  th em -a v era g e  d iscrep a n cy  w a s  
about 5%- the differences are sufficient to indicate that, using 
the c o m p o n e n t  ch a ra cter is t ic s  for the original s im ulation  
(Ref.2), the program which best fits the test  results is Program  
TAYN1.
In order to have a better test  of the programs it is desirable  
to have the most up-to-date characteristics for the com ponents.
There is ev id e n c e  that the actual en g in e  ch aracter ist ics  
differ from th ose  originally used  (Ref.2). An exam ple of this is 
illustrated in Figure C where the original characteristics of the
H.P. Compressor are plotted together with actual points obtained  
from the handling test  results of the engine. The d ifferences  
b e tw e e n  them  are su b stan tia l .  S u ch  d if fe r e n c e s  in the  
characteristics could exist in other com ponents of the engine.
It is thus important for the continuation of this research  to 
update the com ponent characteristics.
O nce this is done, then it will be possib le  to d ec id e  which
18
program gives the most realistic and accurate predictions.
That program will be used to continue the investigation into 
the prediction of the Transient Perform ance of the eng ine  
incorporating Heat Transfer Effects.
19
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TABLES NOMENCLATURE
AC Acceleration
ACC Acceleration
AD Adiabatic
AF AFSREE program results
AIOEQV Outer Fan non-dimensional air mass flow
ra te
AI1EQV Inner Fan non-dimensional air mass flow
ra te
CAP Capacity (non-dimensional air mass flow
ra te )
EC Deceleration
EBC Deceleration
FCSP Factor of Split value
HJP.C.m H.P. Compressor non-dimensional air mass
flow rate
HPSHSP H.P. Compressor shaft speed
HT Heat Transfer
IC Successive approximations method of
evaluating the Cp 
INEQm Equivalent Inner Fan non-dimensional air
mass flow rate
INNERm Inner Fan non-dimensional air mass flow
ra te
LPSHSP L.P. Compressor shaft speed
m Non-dimensional mass flow rate
mfl Mass flow rate(non-dimensional)
mSL Non-dimensional mass flow rate at the
Surge Line 
NC No variation of Cp
NDSLP Non-dimensional speed of the L.P.shaft
NDSP Non-dimensional speed
NDSHP Non-dimensional speed of the H.P.shaft
NH(1,2..) H.P. shaft speed
NHssp H.P. shaft speed
NH/RT Non-dimensional speed(H.P. shaft)
NLDSP Non-dimensional speed of the L.P.shaft
NL(1,2,..) L.P. shaft speed
NLssp L.P. shaft speed
NL/RT Non-dimensional speed(L.P. shaft)
OUTEQm EquivelantOuter Fan non-dimensional air
mass flow rate
OUTERm Outer Fan non-dimensional air mass flow
ra te
PR Pressure ratio
PRSL Pressure ratio value at the Surge Line
R Once through calculation method of Cp
RCMPL(1,2..) Inner Fan pressure ratio
RE or RR Real Engine Results
SF STFREE program results
SL Surge Line values
SR Steady Running
T Time
TH RorTH  T hrust
ZNDLPC(1,2..) Non-dimensional speed of the L.P.shaft
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